





List of Papers

This thesis is based on the following papers, which are referred to in the text by
their Roman numerals.

II

III

v

Brain energy metabolism in patients with spontaneous subarach-
noid haemorrhage and global cerebral oedema

Zetterling, M., Hallberg, L., Hillered, L., Karlsson, T., Enblad, P.,
Ronne-Engstrom, E.

Neurosurgery 2010;66(6):1102-10

Early global brain oedema in relation to clinical admission param-
eters and outcome in patients with aneurysmal subarachnoid haem-
orrhage

Zetterling, M., Hallberg, L., P., Ronne-Engstrom, E

Acta Neurochirurgica (Wien) 2010 May 22 (E-pub)

Cortisol and ACTH dynamics in the acute phase of subarachnoid
haemorrhage

Zetterling, M., Edén-Engstrom, B., Hallberg, L., Hillered, L., En-
blad, P., Karlsson, T., Ronne-Engstrém, E.

Submitted

Temporal patterns of interstitial pyruvate and amino acids after
subarachnoid haemorrhage are related to the level of consciousness
- a clinical microdialysis study

Zetterling, M., Hillered, L., Samuelsson, C., Karlsson, T., Enblad,
P., Ronne-Engstrom, E.

Acta Neurochirurgica (Wien) 2009;151(7):771-80

Relation between brain interstitial and systemic glucose levels after
subarachnoid haemorrhage

Zetterling, M., Hillered, L., Enblad, P., Karlsson, T., Ronne-
Engstrom, E.

Submitted

Reprints were made with permission from the respective publishers.






Contents

INErOAUCHION. ...eiiieiiiiic ettt 9
Background...........c.oeeiiiiiiieee e 10
Epidemiology ......eeeiieeiieeiie et 10
EthiolO@Y -.eeeiiieeie ettt 10
RISK FACLOTS..ccuvtiiiiiiiiiiiiiietcce ettt 10
N4 10101 0) 111U 10
DIAGNOSIS ettt 11
Clinical management of SAH patients........ccoccooveerviiriiiiiiinenienienicciceeenn 11
NEUTOINIENSIVE CATC ..couveiiiiiiiiiiiiieiieiieteet ettt 11
VASOSPASITL...ccnuiieeiiiiiee ettt e ettt e et e ettt e s eabte e s ibte e e enbeeesenbeeeeeanes 12
OULCOMIE ...ttt ettt ettt et et e sb e b b s e sbeenne e 12
The hypothalamic-pituitary-adrenal response to SAH..........cccceviiniinicnnnne 13
Early Brain iNJULY .....oeecveeeiiieeiie et sttt e eaee e 14
Brain energy metaboliSm .........ccocveriiriiiiiiiiiiiiiiieececeecc e 18
Plasma glucose and brain injury ........cccccceevveeriieecieeie e 21
MICTOIALYSIS ..evvvieiiie ettt ettt et e e tae e st e eneeenees 22
Grading SCAIES .....ccuvieiiieiiiieeiee ettt ettt et 23
Level of consciousness: RLS85.....ccccoiiiniiniiniiniiiiicccceeeeee 23
Neurological grading: WEFNS scale.........cccoeviieriieiiiieieeie e 24
Neurological grading: Hunt & Hess scale......cc..cooceeviiniiniinnnicnicnncnn 24
Radiological grading: Fisher scale ..........cccccveviiiriiieniiiieeieeeeeee 24
Outcome grading: GOS ......oooiiieiiiiiieeee e 24
AImS Of the INVESTIZATIONS ..eeevviiiiiieeiieeiiie et eiee ettt et eree e eeeee e e eneee s 25
GENEIal QUM .ottt e 25
SPECITIC AIIMS ...viieiiieeiie ettt eee et st e et e ettt e b e e seteeenseeenteesnseesneeas 25
Material and Methods ..........cooeeriiniiniiiii e 26
Paper T e 26
PAtIENLS ..ottt 26

Data COLLECTION ...c..eeiiiiiiiiiieiieeec e 26
Statistical ANALYSES .......eeeruiieeiieeie e 27
Paper IL......ooiii e e 27
Patients and data collection ...........coceeveeneeniininiiiiicnen e 27
Statistical ANALYSES .......eevruiiiriieeiie et e 28

Paper IIL......oooiiie e e 28



18 (<) 1SR 28

Data COLLECTION ...c..eiiiiiiiiieiiieieetce e 28

Data ANalySiS....ccceeereiieriieeiie ettt ettt e s enee 29
Statistical ANALYSES .......eeeruiieeiieeie e 30
Paper IV ..o e 31
PAtIGNLS ...ttt 31

Data COLLECTION ...c..eeiiiiiiiiiiieieiec e 31
Statistical ANALYSES .......eevrviieriieeiie et 32
Paper Voo e 32
PAtIGNLS ...ttt s 32
Evaluation of data.........coceeeiiiiiiiiiiiiiiicececee e 34
Statistical ANALYSES .......eeeruiieeiieeie e 35
BHhiCS .ot 35
RESULLS ..t 36
Paper T ..o e 36
Paper IL......ooiii e e 41
Paper IIL. ... e 45
The entire group of 55 PaAtients.......cccveevvieriirieiieeeeeee e 45
Subgroup of 20 PAtIENLS.....ccccvieerireeiieeiie et 48
Paper IV ..o e 51
Paper V.o e 58
DISCUSSION ...ttt st sttt ettt s 63
Global cerebral oedema...........cooeeviiniiiiiiiiniiiicceeeee 63

The HPA response during the first week after SAH ..., 66
Cerebral metabolism changes during the first week after SAH ............... 67
Relation between plasma glucose and brain interstitial glucose .............. 70
Methodological considerations..........cceeeeveerieerrieeerieeeiieerieeeeee e 72
CONCIUSIONS ...ttt ettt sttt e 74
Summary in Swedish — Sammanfattning pa svenska ..........ccccccevveiernieenieennen. 76
AcCKNOWIEAEEMENTS.......eiiiiiieiiie e 78

S 1303 1 Lo 80



Abbreviations

ACTH
ADP
Ala
ANOVA
Ant
Asn
Asp
ATP
BBB
CBF
CO,
CPP
CRH
CSF
CT
CTA
()Y
DIND
EBI
G+

G-
GABA
GCS
Gln
Glu
Glut
Gly
GOS
H&H
HPA
HPLC
ICP
Ile
Leu
LPR

Adrenocorticotropic hormone
Adenosine diphosphate

Alanine

Analysis of variance

Anterior

Aspargine

Aspartate

Adenosine triphosphate

Blood brain barrier

Cerebral blood flow

Carbon dioxide

Cerebral perfusion pressure
Corticotrophin releasing hormone
Cerebrospinal fluid

Computed tomography

Computed tomography angiography
Coefficient of variation

Delayed ischemic neurological deficits
Early brain injury

Global cerebral oedema group
Without global cerebral oedema group
Gamma-amino butyric acid
Glasgow coma score

Glutamine

Glutamate

Glucose transporter

Glycine

Glasgow outcome scale

Hunt and Hess scale
Hypothalamic-pituitary-adrenal
High performance liquid chromatography
Intracranial pressure

Isoleucine

Leucine

Lactate / pyruvate ratio



MD
NICU
NMDA
ns

Phe
Post
RLS85
SAH

SD

Ser
SGLT
Tau
TBI
TNF-a
Tyr

WENS

Microdialysis

Neurointensive care unit
N-methyl-D-aspartate glutamate receptor
Not significant

Plasma

P-value

Phenylalanine

Posterior

Reaction Level Scale 85

Subarachnoid haemorrhage

Serum

Standard deviation

Serine

Sodium glucose transporter

Taurine

Traumatic brain injury

Tumour necrosis factor-a

Tyrosine

Urine

World Federation of Neurological Surgeons



Introduction

Patients with subarachnoid haemorrhage (SAH) suffer from a high mortality
and morbidity, although a more adapted and effective neurointensive care has
improved their outcome during recent years **'**. The clinical course after spon-
tancous SAH can to some extent be predicted by the patient’s age, initial level
of consciousness and the amount of blood on the initial computed tomography
(CT) scan **731312M1641TL Neyertheless, patients admitted in similar clinical
conditions and with the same radiological appearance of the bleeding can follow
different clinical courses. While some patients soon recover, others develop
fatal neurological complications. Patients appear to a varying extent to be sus-
ceptible to different hazardous events during the acute phase. The initial global
ischemic brain injury and the development of the energy situation in the brain
probably determine how vulnerable the brain is to secondary events that expose
the brain to additional stress. It would be of great value to identify markers or
clinical features in the very early phase after SAH that could predict increased
susceptibility of the brain and thus increased risk of secondary deterioration for
the individual patient.



Background

Epidemiology

SAH accounts for 5-11 % of all strokes *. The incidence of SAH is 5.5 — 14
/100 000 ****'*19 There are regional differences with more than two times
higher incidence in Finland and Japan **'*'. The incidence is often reported to
be higher in women, but in a recent review *° higher incidence for men was
found in younger age groups while the incidence was higher in women after the
age of 55 years. A peak incidence at the sixth decade *** has been reported but
increasing incidence with age was found recently *.

Ethiology

An aneurysm is found in 85 % of SAH, 10 % are idiopathic perimesencephalic
and 5 % arise from miscellaneous causes such as arteriovenous malformation,

artery dissection, dural arteriovenous fistula, septic aneurysm or cocaine abuse
226

Risk Factors

22,65,106 22,65,106,111,144 65,111,144
65, . and

Hypertension
familial preponderance

, cigarette smoking , alcohol abuse
2370192 3 re known risk factors for SAH.

Symptoms

SAH typically presents with acute and severe headache accompanied by nausea
and vomiting '*. Altered or lost consciousness is common and prolonged un-
consciousness >1 h is seen in 43 % of patients °. Focal neurological signs de-
velop in approximately one third of patients **°. Signs of meningism as e.g. neck
stiffness, photophobia and low-grade fever may develop after some hours **°. In
severe cases a circulatory and respiratory arrest occurs at ictus ',
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Diagnosis

A CT scan can usually verify the diagnosis of SAH. However, if no blood is
seen on the CT scan, a lumbar puncture should be performed. The presence of

bilirubin in cerebrospinal fluid (CSF) then confirms the SAH diagnosis 26,

Clinical management of SAH patients

Unconscious patients are intubated and mechanically ventilated before transpor-
tation to the neurosurgical clinic. At admittance, the level of consciousness is
defined according to the Reaction Level Scale 85 (RLS85) ' or Glasgow coma
scale (GCS) 2" (Table 1). The SAH grade is classified according to the World
Federation of Neurological Surgeons (WFNS) grade ** (Table 2) and the Hunt
and Hess (H&H) grade 9 (Table 3) and the distribution of blood on the CT scan
is classified according to the Fisher scale  (Table 4). To establish the cause of
bleeding and to find the guilty aneurysm, a computed tomography angiography
(CTA) is performed. If the CTA does not reveal an aneurysm a digital subtrac-
tion angiography is done. To avoid a devastating rebleeding, the aneurysm is
treated as soon as possible either with neurosurgical clipping or endovascular
coiling '"*'*>'*_ The nature of the aneurysm and whether an expansive haema-
toma is present influence the choice of treatment. In Uppsala, 33 % of patients
are treated by neurosurgical clipping and 67 % of the SAH patients by endovas-
cular coiling ',

Neurointensive Care

After applying modern principles of neurointensive care, the outcome of SAH
patients has significantly improved **. The goal of neurointensive care is to op-
timise the conditions for recovery of the brain. This is achieved through careful
monitoring and correction of physiological parameters and intracranial dynam-
ics to avoid secondary insults that could result in ischemic damage to the brain.
Blood pressure, intracranial pressure (ICP), cerebral perfusion pressure (CPP),
blood-oxygenation and temperature are closely monitored in order to avoid and
correct hypotension, hypoxemia, hyper/hypoglycaemia, pyrexia and seizures.
Electroencephalogram, transcranial Doppler sonography, microdialysis (MD),
brain temperature, brain tissue oxygenation and jugular bulb oxygenation are
used in addition if required. Unconscious patients are mechanically ventilated to
maintain normocapnia (4.7-6.0 kPa). A ventricular catheter is inserted when
hydrocephalus is present and in unconscious patients to measure the ICP. High
ICP due to hydrocephalus is treated with drainage of CSF against a pressure
level of 15 mmHg. Propofol is used for sedation, together with morphine. The
SAH protocol includes bed rest, normotension, normovolemia and administra-
tion of nimodipine for 3 weeks to prevent vasospasm. Vasospasm (see below) is

11



suspected when delayed ischemic neurological deterioration could not be ex-
plained by a haematoma or hydrocephalus and is regularly treated with moder-
ate hypervolemia, aiming at a central venous pressure of 8-10 mmHg, hemodi-
lution to achieve a hematocrit of 30 and careful elevation of blood pressure
(triple-H therapy) 136,157, 184,223,

Vasospasm

Radiological vasospasm, detected by conventional angiography, occurs in up to
70 % of SAH patients >****°. However, development of delayed ischemic neuro-
logical deficits (DIND) is not synonymous with radiological vasospasm since
DIND is observed in 20-30 % of patients. DIND is an important cause of late
neurological deterioration and morbidity after SAH ***"'"* Tt occurs mainly
from day 4 to 12 and reaches a maximum at day 7 after the haemorrhage
1982126238 " The mortality rate due to vasospasm was 7 % ' Factors predicting
DIND are the amount of subarachnoid blood 66, the duration of unconscious-
ness, a poor WENS ** grade, intraventricular blood and antifibrinolytic therapy
2 The exact aetiology of vasospasm is not known. Studies have shown that
erythrocytes and haemoglobin degradation products, especially oxyhaemoglo-
bin, are necessary for the development of vasospasm'**'**. Since radiological
and clinical vasospasm are not always related, alternative hypothesis to explain
the occurrence of DIND have been suggested. Proposed explanations are small
artery vasospasm, cortical spreading ischemia/depression, microthrombosis >
or an inflammatory mediated process """,

The calcium antagonist nimodipine is the only drug that has shown to be ef-
fective against DIND 1i.e. reduce the incidence of poor outcome after SAH '
The effect of nimodipine on delayed cerebral ischemia is, however, not directly
on the spastic artery o) Suggested working mechanisms of nimodipine are in-
creased fibrinolytic activity '*° or effect on cortical spreading ischemia >*.

Triple H therapy is used to prevent and treat vasospasm, although definite
evidence for its efficacy is lacking *''*'*. Balloon angioplasty and intra-arterial
papaverin or nicardipine are also possible treatments of confirmed vasospasm
11132242 "Eollowing angioplasty, neurological improvement was seen in 30-80 %
of patients but serious complications (rupture of the artery or stroke due to oc-
clusion) occured in 5 % of the cases '**. Intrathecal administration of sodium
nitroprussid, acting via release of nitric oxide, is an experimental therapy that
has shown efficacy against vasospasm "**°'.

Outcome

The most consistent predictor of outcome after SAH is the initial level of con-
sciousness. Age and the distribution of blood are also predictors
40,49,73,78,115,127,164,171 . . .

. In conservatively treated patients the mortality rate after
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SAH was 60-71 % at 6 months '**'*. The pre-hospital mortality was 15-17 %
3 About 10 % of the patients presenting with a cardiopulmonary arrest had
SAH. The prognosis among these patients was very poor with a 1.6-1.8 % long-
term survival '®’. The one-month mortality rate in previous studies was 40-46 %
#24203 and one year mortality rate 48-57 % '*. In a recent study from our de-
partment, the one-month mortality rate for the time period 1997-2006 was 10 %
and 6-month mortality rate was 13 % '**. A favourable recovery (Glasgow out-
come score (GOS) 4-5, i.e. independent life) (Table 5) was found in 34 % of the
patients with the worst clinical condition at admission (H&H 4-5 i.e. stu-
por/coma) and in 74 % of patients with the best clinical condition at admission

(H&H 1-2 i.e. asymptomatic or moderate headache) '**.

The hypothalamic-pituitary-adrenal response to SAH

Normal HPA axis

Corticotrophin-releasing hormone (CRH) is secreted from the paraventricular
nucleus in the hypothalamus *"*. Every hour, 2 or 3 pulses of CRH are secreted
into the blood vessels that link the hypothalamus and the anterior pituitary.
CRH stimulates the anterior pituitary gland to release adrenocorticotropic hor-
mone (ACTH) which regulates the production of cortisol in the adrenal cortex
2739 Early in the morning and during acute stress the amplitudes of the CRH
pulses increase _The circadian rhythm of cortisol secretion is, via connections
to the paraventricular nucleus, controlled by the suprachiasmatic nucleus of
hypothalamus *’. The nadir for cortisol secretion occurs at midnight. The serum
(S) cortisol begin to rise 2-3 hours after sleep onset and continue to rise into
early morning and the peak in S-cortisol occurs around 9 am. Then, a gradual
decrease occurs until midnight again *”7"''"°. There are individual variations of
the diurnal rhythm. No diurnal variation of salivary cortisol was found in 10 %
of healthy individuals *'.

HPA axis after SAH

The rupture of an intracranial aneurysm and the increase in ICP initiate a dra-
matic physiologic response. The response starts in the brain stem and activates
both the sympathetic nervous system and the HPA axis in order to maintain
homeostasis and to restore cerebral blood flow *****. The hypothalamic secre-
tion of CRH increases and stimulates ACTH release from the pituitary gland,
leading to increased secretion of cortisol from the adrenal cortex '****'**_ The
significance of this hormonal reaction has been recognised for other critical
illnesses and traumatic injuries 100.117.120.191.202.231 5 §g probably important also
for the clinical course after SAH. After SAH there is a rise in intracranial pres-
sure with a risk of hypoperfusion and global cerebral ischemia 84166167 and a
high risk of injury to both the hypothalamus and the pituitary gland. A reversed
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diurnal variation of S-cortisol in patients with SAH was described in an early
study '”’. Since then, only a few studies have evaluated the hormonal changes in
the HPA axis during the acute phase of SAH. High levels of S-cortisol was
demonstrated the first day after SAH 1361149 and disturbances in the circadian
rhythm of S-cortisol were found to predict clinical course and outcome '**. A
better understanding of the hormonal changes after SAH would be of value,
especially for guiding the treatment in the neurointensive care unit (NICU).

Early brain injury

Early brain injury (EBI) refers to the immediate (within 72 hours of ictus) injury
to the brain after SAH **'**, The interest in this field the last years has in-
creased, since the early injury and the complex pathophysiological mechanisms
that occurs as a result of the initial bleeding predispose the brain for secondary
injuries and probably determine a considerable part of the morbidity and mor-
tality following SAH *. At the time of aneurysm rupture, ICP rises to a level
between the diastolic and systolic blood pressure, causing a cerebral circulation
arrest that in turn stops the bleeding **'*'’. During the period of elevated ICP,
a platelet plug builds up, fibrin is deposited to strengthen the clot ' and the
bleeding is temporarily controlled. Unless the ICP quickly returns to normal, a
severe ischemic damage occurs "'**'*'. Cerebral autoregulation is impaired
within minutes of the SAH "*'*°*!1% " Acute cerebral vasoconstriction contri-
butes to decreased cerebral blood flow and cerebral ischemia after SAH
131448213 Following SAH, complex and interrelated pathways are involved in
the processes that leads to early brain injury *'. A common outcome of these
pathways is cell death resulting in blood-brain barrier (BBB) break down or
directly to neuronal cell death 3931 For an overview, see Figure 1.

Ischemia

After cerebral ischemia, secondary mechanisms of brain injury follow. These
can be increase of intracellular calcium, acidosis and production of free radicals
' There is a rapid consumption of available adenosine triphosphate (ATP),
which leads to failing calcium pump function and an increase in membrane
permeability to calcium. The subsequent increase in free cytosolic intracellular
calcium activates multiple intracellular destructive (death) pathways, affecting
for example protein synthesis and genome expression ****'!. Another pathway
for calcium to enter the cells is via the glutamate activated N-methyl-D-
aspartate (NMDA) receptor *''. The massive release of glutamate from depola-
rised nerve endings after ischemia initiates excitotoxic mechanisms of injury.
During ischemia, the oxidative phosphorylation is inhibited, which leads to
anaerobic glycolysis and acidosis *'°. In complete or near-complete ischemia,
the amount of lactate accumulation depends on pre-ischemic glucose and glyco-
gen content in the tissue. The severity of acidosis was shown to correlate with
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the pre-ischemic plasma glucose levels *'°. A low pH in combination with

ischemia and/or reperfusion enhanced the damaging processes including injury
induced by free radicals *'**''. The highly reactive free radicals were thought to
play an important role in acute brain injury as well as in the development of
cerebral vasospasm after SAH. °.

Inflammation

The inflammatory response, elicited by red blood cells in the subarachnoid
space, is probably of importance for the development of early brain injury *’,
cerebral vasospasm ! and brain oedema *** after SAH. In contrast to previous
assumptions, there is evidence that lymphocyte trafficking does occur into the
CNS. Lymphocyte movements into CNS are increased after SAH due to BBB
breakdown. In different animal SAH models, an up-regulation of inflammation-
related genes in vasospastic arteries have been demonstrated. A number of in-
flammatory mediators have been shown to be elevated or up-regulated in
plasma, CSF, vessel walls or jugular venous blood in connection to experi-
mental or clinical SAH and/or vasospasm. These inflammatory substances are
e.g. cytokines (produced by mononuclear phagocytes, T-cells, platelets, endo-
thelial cells or fibroblasts), adhesion molecules (expressed on the surfaces of
leucocytes, platelets and endothelial cells), immunoglobulins and complements.
In addition, activated mononuclear cells in the CSF were found to synthesise
and release the potent vasoconstrictor endothelin-1, a finding that suggested a
putative link between inflammation and vasospasm. For references, see *,

Apoptosis

The apoptotic “programmed cell death” pathways, e.g. death receptor and TNF—
a, p53 and caspase dependent, are activated after SAH. The activation of apop-
totic pathways has been suggested to be involved in the mechanism of global
brain injury, vasospasm and BBB damage following SAH *%'2%!74241,

Cerebral oedema

In clinical studies, early global cerebral oedema was described in 8-28 % of
SAH patients ***’. Global cerebral oedema on the first CT scan after SAH was
associated with a worse clinical condition at admission and poor outcome,
which probably related to a more severe initial impact **''*'?*!%7,

The early oedema in SAH patients could be a result of the transient cerebral
circulatory arrest * with ischemia causing failure of membrane regulatory
channels, leading to cellular swelling (cytotoxic oedema). The apoptotic and
inflammatory pathways that are stimulated after the initial bleeding are probably
important for the development of the later BBB disruption leading to vasogenic
oedema *"'™. Activation of thrombin in the coagulation cascade 24-48 hours
after haemorrhage may also contribute to oedema formation ">**2. Rat studies
indicate that brain oedema may be an early phenomenon with a maximum of
brain water content 24 hours following SAH **°. Other experimental SAH stud-
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ies show that the BBB damage develops on the second day after the bleeding
7677 A disturbed autoregulation response '’ may aggravate oedema following
SAH. In rat studies, blockage of bradykinin (a proinflammatory mediator) re-
ceptors before SAH prevented brain oedema formation and improved recovery
! Hyperbaric oxygen treatment reduced BBB disruption and brain oedema
after SAH *. In paper I, II and III, the relation between global cerebral oedema,
clinical factors, hypothalamic-pituitary-adrenal (HPA) response and brain en-
ergy metabolism was assessed.

Abbreviations Figure 1: AMPA= Amino methyl phenyl acetic acid glutamate receptor,
Bax= Protein that promotes apoptosis, BBB= Blood brain barrier, Bcl 2= Proteins with
pro- or anti-apoptotic effect, BNIP 3= Pro-apoptotic mitochondrial protein, Ca** = Cal-
cium ion, CBF=Cerebral blood flow, Claudin= Tight junction protein, CPP= Cerebral
perfusion pressure, CRP= C-reactive protein, ERK= Extracellular signal-regulated kin-
ase, HIF 1-o= Hypoxia inducible factor 1-o,, ICP= Intracranial pressure, IL= Inter-
leukin, JNK= C-Jun N-terminal kinase, MAPK= Mitogenactivated protein kinase,
MMP= Matrix metallopeptidase, NMDA= N-methyl-D-aspartate glutamate receptor,
Occludin= Tight junction protein, PDGF= Platelet derived growth factor, PKC= Protein
kinase, p38= MAPK family protein, p53= Tumour suppressor protein, ROS= Reactive
oxygen species, RTK=Receptor tyrosine kinase, TGF-p=Transforming growth factor,
TNF-a= Tumour necrosis factor, VEGF= Vascular endothelial growth factor, ZO-1, 2,
3= Tight junction proteins.
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Figure 1. Diagram summarising some of the complex pathways and their interrelation-
ships believed to be responsible for early brain injury (EBI). Inflammatory, apoptotic
and ischemic pathways all lead to cell death and EBI. Idea from Cahill and Zhang 2009

with permission, modified from *
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Brain energy metabolism

The brain constitutes approximately 2 % of the body weight but consumes
around 20 % of the total body energy and receives 15 % of cardiac output ***'2.
Glucose is the main energy source for the brain under normal conditions. The
fuel stores, including glycogen and energy phosphate compounds, can support
the brain for 1-3 minutes >'**"'. Accordingly, the brain is dependent on a con-
tinuous supply of energy to support the metabolic work such as ion pumping to
maintain a normal electrical charge and excitability, neurotransmitter metabo-
lism and biosynthesis of cell membranes, structural proteins and enzymes 173212
Glucose transport across the BBB and in astrocytes is mainly mediated by the
glucose transporter 1 (Glut 1) 218 Glut 3 is a neuronal glucose transporter 5.
Sodium glucose transporter (SGLT) is expressed in neurons '** and in brain
endothelial cells (BBB) .

High-energy phosphates are thus produced by oxidation of glucose. The
complete oxidation of 1 molecule of glucose to carbon dioxide and water yields
38 molecules of ATP. The first part, the glycolytic pathway, occurs in the cyto-
plasm and yields 2 molecules of ATP for every molecule of glucose. The gly-
colytic pathway consists of many steps, in which glucose finally is converted to
pyruvate. In the presence of oxygen, oxidative dehydrogenation of pyruvate in
the mitochondria follows, and the electrons derived are transported along the
electron transport chain. It is the latter reactions that produce most of the ATP
'73212 1n the absence of oxygen, anaerobic glycolysis takes place and lactate is
formed from pyruvate through a reversible reaction. In anaerobic glycolysis, 2
molecules of lactate, 1 molecule of H+ (hydrogen ion) and only 2 molecules of
ATP are formed for every molecule of glucose '">*'. In the absence of glucose,
metabolism of keton bodies gives acetyl coenzyme A that enters the citric acid
cycle '”°. For an overview of the glucose metabolism see Figure 2. The temporal
pattern of brain energy metabolites in relation to clinical and radiological fac-
tors after SAH was studied in paper I, IV and V.

Amino acids

An amino acid consists of an amino group (NH;3"), a hydrogen atom (H), a car-
boxyl group (COOH) and a side chain that varies between the amino acid, all
bonded to a carbon atom. Amino acids are the basic structural units of proteins
and all proteins are constructed from the same set of twenty amino acids.
Amino acids that cannot be synthesised (at all or in enough amount for a grow-
ing child e.g. arginine) by humans are called essential. Essential amino acids are
arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threo-
nine, tryptophan and valine. Essential amino acids are synthesised in microor-
ganisms or plants and humans must obtain them from dietary sources. The non-
essential amino acids are alanine, aspargine, aspartate, cystein, glutamate, glu-
tamine, glycine, proline, serine and tyrosine. The pathways for the biosynthesis
of amino acids are diverse, but the carbon skeletons come from the glycolytic
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pathway, the pentose phosphate pathway or citric acid cycle intermediates *'®,
Essential amino acids are synthesised in complex pathways, but non-essential
amino acids are synthesised by quite simple reactions. Alanine for example, is
synthesised in a single step from pyruvate and glutamate *'*. Early studies with
labelled glucose carbon showed that glutamate, glutamine, aspartate and GABA
(gamma-amino butyric acid) accounted for more than 80 % of the labelled pro-
ducts with less than 5 % from alanine and about 1 % in serine and glycine *'.
Amino acids in excess cannot be stored. Instead they are degraded and used as
metabolic fuel. The amino group is converted to urea and the carbon skeletons
are transformed into acetyl coenzyme A (CoA), acetoacetyl CoA, pyruvate or
intermediates of the citric acid cycle. Hence, fatty acids, ketone bodies and glu-
cose can be formed from amino acids *'*. Figure 2.

In the central nervous system, glutamate and aspartate work as excitatory
amino acids and GABA and glycine as inhibitors. Also, a neuroprotective role
of GABA has been suggested '°'. Glycine is also described as a co-agonist for
glutamate *” and taurine as an osmoregulator '**. Other amino acids have meta-
bolic properties. In paper V, we examined the temporal pattern of metabolic
(non-transmitter amino acids), excitatory amino acids, glycine and taurine. The
two latter were referred to as neuromodulators.
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Plasma glucose and brain injury

There is an ongoing discussion regarding optimal blood glucose levels after
acute brain injuries and diseases. Elevated blood glucose was associated with
poor SAH grade at admission *’, development of vasospasm after SAH '*'** and
poor outcome in traumatic brain injury (TBI) and SAH 2129142 Hyperglycaemia
should probably be interpreted as an indicator of the severity of the brain injury
and the result of a stress reaction and a general catecholamine surge '°. There
are, however, experimental results indicating that pre-ischemic hyperglycaemia
aggravates brain damage, possibly by increased extra-and intracellular acidosis
80.139.188 o1 increased accumulation of extracellular glutamate 8 The observa-
tions that hyperglycaemia was connected to worse outcome led to the sugges-
tion that blood glucose control with insulin would be beneficial. In surgical
intensive care patients it was shown that a protocol keeping blood glucose be-
tween 4.4 and 6.1 mmol/L reduced both morbidity and mortality *** but this
could not be confirmed in follow-up studies >*°. Instead there is a growing con-
cern that a too tight glycaemic control is harmful for the injured brain. A low
blood glucose level (4.4-6.1 mmol/L) after SAH was related to vasospasm, ce-
rebral infarction and increased 3-month disability 138, Vespa et al 4 showed in a
MD study on TBI patients, that an insulin regime aiming at an intensive gly-
caemic control (5.0-6.7 mmol/L) did not result in any mortality reduction or
improvement of 6-month outcome. Instead, signs of metabolic distress, with
low cerebral glucose and elevated glutamate and lactate/pyruvate ratios (LPR),
were observed. Similarly, intensive glycaemic control was associated with signs
of brain energy crisis and decreased systemic glucose levels in another study on
NICU patients 170 Furthermore, there is data indicating that insulin treatment,
even without a lowering effect on blood glucose, may reduce brain glucose
levels 2.

The actual relation between blood glucose and brain interstitial glucose after
SAH is not known. In steady state conditions, the transportation of glucose
across the BBB can be calculated using the standard (irreversible reactions) 147
or reversible * Michaelis-Menten models. In healthy humans, using 'H and Bc
magnetic spectroscopy (MRS), a linear relationship between plasma glucose in
the interval 4-30 mmol/L and brain glucose was found. The corresponding
plasma and brain glucose values in this study fitted well in the reversible
Michaelis-Menten model ¥. A cerebral MD study in conscious, unrestrained
rats also showed a linear relationship between blood and brain glucose *. In
TBI patients, positive correlations between elevated blood glucose and extra-
cellular brain glucose levels were found S0.118 However, in SAH patients it was
shown that low, as well as high brain glucose concentrations may occur inde-
pendently of blood glucose levels **. Glucose transport across the blood brain
barrier is mediated by glucose transport proteins >'. The relation between blood
glucose and brain glucose thus depends on the function of the blood brain bar-
rier. Since there is impairment in the BBB function in the acute phase of SAH
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7. the relation between blood glucose and brain glucose may change over time
during this period. This should be considered in the choice of optimal target
levels for blood glucose control following SAH.

In study V we explored the temporal relation between plasma (P)-glucose
and interstitial brain glucose concentrations, in the acute phase of SAH. In addi-
tion, the effect of insulin administration on the brain energy metabolism was
studied.

Microdialysis

47,224 .
" and has been used in neu-

Microdialysis was first introduced in the 1970s

rosurgery since 1990 **'** and in neurointensive care monitoring since 1992 ',
The MD probe consists of a 1 mm diameter double lumen catheter with a semi-
permeable membrane attached to the tip. The probe is perfused with a fluid
isotonic to the interstitial fluid and molecules diffuse across the probe mem-
brane along the concentration gradient. The mass of the molecules that are sam-
pled is limited by the pore size of the membrane, the cut-off value. We used a
cut-off of 20 kDalton (kDa) in SAH patients, but 100 kDa is also available. A
battery-powered pump drives the perfusion fluid with a constant flow of 0.3
pL/min *"'%,

The MD catheter may be inserted in peri-lesional or in non-lesional brain tis-
sue. The peri-lesional method registers focal neurochemical events. In our de-
partment, the MD probe is usually implanted through a separate burr-hole in
front of the ventriculostomy. This approach avoids tissue reactions from the
ventricular catheter and is intended to measure the effects on non-injured tissue
by global events, e.g. high ICP **?’.

The concentration of the substance in the MD-dialysate is a fraction of the
true concentration in the interstitial fluid of the brain. The ratio of the concentra-
tion of the molecule in the dialysate to the interstitial fluid is termed the relative
recovery °'. The relative recovery in vivo can be estimated by varying the perfu-
sion concentration '** or the perfusion rate '’ and then applying the results in a
formula taking in account the transfer characteristics and the area of the dialysis
membrane. Also, the relative recovery may be decided by using endogenous or
exogenous reference compounds '*!'®. A method used by us, to check for con-
sistent probe performance, is based on urea as an endogenous reference com-
pound, freely diffusible across biological membranes °”'*. The recovery of the
CMA/70 catheter with a 10 mm membrane length and the flow rate of 0,3
pL/min for the biochemical variables used as a routine is approximately 70 %
19 Tdeally, the relative recovery should be constant over time for the individual
patient. However, the relative recovery is influenced by different factors such as
perfusion flow, membrane surface area of the probe, the interstitial volume frac-
tion, the presence of macromolecules and glycoproteins in the interstitial fluid,
temperature and the turnover rate of the substance '*’’. With time, increasing
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protein adsorption, biofouling (adhesion of biological material) and gliosis
around the MD probe may cause diffusion problems . Bleeding and infection
following MD implantation are other possible risks. However, earlier studies
102181239 and clinical experience indicate that these problems are uncommon °'.

The implantation of the MD-probe causes a transient neurochemical pertur-
bation with a normalisation of the dialysate metabolite within about 30 minutes
6393154 ‘Therefore, the first MD sample should be discarded *'.

MD markers of cerebral ischemia

MD-glucose, MD-lactate and MD-LPR are used to study the cerebral glucose
metabolism. A typical pattern in cerebral ischemia is a marked increase of MD-
LPR (>40) in combination with close to zero concentrations of MD-glucose
#4233 MD-lactate and MD-glutamate were found to be sensitive to impending
ischemia '® but MD-LPR is usually considered to be more specific and is ele-
vated in manifest ischemia **%*'6>'72% A pattern with MD-LPR > 40 due to
low MD-pyruvate in combination with a low MD-glutamine/glutamate ratio
may be a useful marker of ischemia with serious metabolic impairment '**. MD-
glycerol concentrations are increased in evident ischemia, probably reflecting
membrane phospholipids degradation **'®*. Critical values of MD-metabolites
without correction for in vivo recovery, conservatively chosen on the basis of
published human cerebral MD data '****’, are shown in Table 8.

Grading scales

Level of consciousness: RLS&5

Reaction Level Scale 85 - RLS85 Glasgow Coma Scale
Motor response

1 Awake, alert and orientated 6 Obeys commands

2 Drowsy or confused

3 Very drowsy - Obeys commands or wards off pain

4 Localising * 5 Localising *

5 Withdrawal * 4 Withdrawal *

6 Stereotype flexion * 3 Stereotype flexion *

7 Stereotype extension * 2 Stereotype extension *

8 No response * 1 No response *

Table 1. Comparison between the Reaction Level Scale 85 (RLS85) *'® and the Glas-
gow coma scale (GCS) motor score *'°. * Response to pain stimulation.
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Neurological grading: WFNS scale

WFNS  GCS (sum score) Motor deficit

1 15 -
2 13to 14 -
3 13to 14 +
4 7 to 12 +/-
5 3t06 +/-

Table 2. World Federation of Neurological Surgeons (WFNS) >,

Neurological grading: Hunt & Hess scale

H&H Description

1  Asymptomatic or mild headache and slight nuchal rigidity

2 Moderate to severe headache, nuchal rigidity, no neurological deficit other than cranial
nerve palsy

3 Drowsiness, confusion or mild focal deficit

4 Stupor, moderate to severe hemiparesis, possibly early decerebrate rigidity and vegetative
disturbances

5  Deep coma, decerebrate rigidity, moribund appearance

Table 3. Hunt & Hess grading scale *°.

Radiological grading: Fisher scale

Fisher grade CT findings

1 No visible blood

2 Subarachnoid blood <1 mm

3 Subarachnoid blood >1 mm

4 Intraventricular or intracerebral haemorrhage or both

Table 4. Fisher scale  for grading of subarachnoid haemorrhage.

Outcome grading: GOS

GOS category Description

1 Dead

2 Vegetative

3 Severe disability - do not live independently
4 Moderate disability - live independently

5 Good recovery - return to school or work

Table 5. Glasgow outcome scale (GOS) 1o,
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Aims of the investigations

General aim

To study factors reflecting the primary brain injury after subarachnoid haemor-
rhage in humans and to study energy metabolism in the brain during the acute
phase, which may influence the vulnerability of the brain and therefore are of
importance for the patients’ ability to recover.

Specific aims

To study if the presence of global cerebral oedema can predict the pattern of
brain energy metabolism and to study the relation of global cerebral oedema to
admission parameters and outcome after SAH.

To study the dynamics of serum and urine cortisol and plasma ACTH during the
first week after SAH and to explore if the hormonal patterns are influenced by
clinical parameters at admittance and/or the following acute course.

To study the pattern of cerebral interstitial amino acids in relation to energy
metabolites and the severity of disease reflected by clinical parameters early in

the course of SAH.

To study the relationship between plasma and brain interstitial glucose and the
temporal pattern of brain energy metabolites after SAH.

To evaluate the effect of insulin administration on brain energy metabolism in
SAH patients.
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Material and Methods

Paper [

Patients

52 patients who received ventricular drainage and MD within 48 hours of aneu-
rysm rupture were included. Patients were treated in the neurointensive care unit
according to the principles described in the background section.

Data collection

CT

The first CT scan after aneurysm rupture was analysed for the occurrence of
global cerebral oedema using CT criteria as defined by Claassen et al ** and the
amount of blood was graded using the Fisher scale *.

Clinical

At admittance, the level of consciousness was classified according to RLS85 *'¢

and the clinical grade according to WENS * and the presence of mechanical
ventilation was noted. In order to add information about the severity of the in-
itial impact, pre-hospital information was collected. This included the first neu-
rological scoring after aneurysm rupture, number of suspected bleedings and
duration of unconsciousness. Outcome was measured >6 months using GOS ''°.
Favourable recovery was defined as GOS 4-5 and poor recovery as GOS 1-3.

Microdialysis
The MD probe (CMA-70, CMA Microdialysis, Stockholm, Sweden) was in-
serted in the frontal lobe through a separate burr hole, anterior of the ventricular
drain in 46 patients. In 6 patients the MD probe was located at the craniotomy
site (frontal n=5, temporal n=1) in apparently non-injured tissue. The probe was
perfused with artificial cerebrospinal fluid (CSF) (Na’ 140 mM, Ca 1.2 mM,
Mg 0.9 mM, K 2.7 mM, Cl ~ 147 mM) at a rate of 0.3 pL/min using a
microinjection pump (CMA-106, CMA Microdialysis). Urea was monitored for
validation of probe performance '*.

MD samples were taken hourly. Interstitial glucose, lactate, pyruvate and
urea were analysed bedside by an enzymatic method on a CMA 600 Analyzer
(CMA Microdialysis, Stockholm, Sweden). Quality control measurements,
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using control samples for CMA 600 Microdialysis Analyser, (ref nr 8010201,
CMA Microdialysis), were run daily.

Statistical analyses

The patients were dichotomised into two groups according to the presence or
absence of global cerebral oedema. To get an overview of the time pattern for
each energy metabolite, the median hourly values for the two subgroups were
plotted. Since all patients had MD sampling 50-90 hours after SAH, the statisti-
cal analyses were done in this time interval. For each patient, the mean values of
the metabolite in the time intervals 50-59, 60-69, 70-79 and 80-89 hours after
SAH were calculated. The mean values in the two subgroups were compared
using Mann-Whitney U non-parametric test.

Comparisons of the binary variables were done with Fisher exact two-tailed
test. All other clinical variables were compared using Mann-Whitney U test.
Statistical analyses and graphical presentation of the results were performed
using Statistica 7.1, (StatSoft Inc., Tulsa, OK). A p-value <0.05 was considered
statistically significant.

Paper 11

Patients and data collection

Patients with spontaneous SAH, admitted to the Department of Neurosurgery at
Uppsala University Hospital were eligible for the study. All demographic data
were taken from our prospective database programmed in Microsoft® Access.
The data used were age and gender, the patient’s clinical status on admission
evaluated by the Hunt & Hess *° and WEFNS **, the amount of the bleeding on
first CT scan classified by the Fisher scale ®, the presence or absence of global
cerebral oedema on the first CT scan *’, the aneurysm location, aneurysm treat-
ment method and 6 months Glasgow Outcome Scale (GOS)'?.

Patients were included between Oct 1997 and July 2009. A limiting factor
was that determining the presence or absence of global cerebral oedema was not
our clinical routine. In order to check the selection bias in the present study we
compared the demographic and clinical characteristics of the patient group in
this study with a previous complete study of a 10-year material from our de-
partment '**. Patients were treated according to the principles described in the
background.
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Statistical analyses

Statistica 8.0 (StatSoft, Inc. Tulsa, OK) and Microsoft Excel 97 SR-2
(Microsoft Corporation) were used for descriptive and analytical statistics and
for graphical presentations. Age was described with mean =1 SD and compari-
sons were made between groups using Student’s t-test. Mann-Whitney U was
used in evaluating the time lag between the haemorrhage and the first CT scan
because it was not normally distributed. Clinical condition on admission was
dichotomised as “better” (Hunt & Hess 1-2, WFNS 1-2) and “worse” (Hunt &
Hess 3-5, WFNS 3-5) and outcome data as “favourable” (GOS 4-5) and “poor”
(GOS 1-3). The occurrence of global cerebral oedema, gender, the distribution
of Fisher score, Hunt & Hess, WFNS and outcome were compared between
groups using the x” test. A difference was considered statistically significant
when p <0.05.

Paper I1I

Patients

Fifty-five patients with spontaneous SAH admitted within 1 day of the haemor-
rhage were included. Exclusion criteria were known endocrine disease, preg-
nancy or steroid therapy. The first part of the study included 35 patients admit-
ted between November 2004 and April 2008. Hormones were analysed once a
day. After a preliminary analysis of these data, the study was expanded to in-
clude 4 daily recordings of hormone concentrations, to allow for the analysis of
diurnal variation. This group of 20 patients were admitted between November
2008 and July 2009.

Patients were treated in the neurointensive care unit or intermediate unit ac-
cording to principles described in the background. Anaesthesia was induced
with fentanyl/remifentanil and thiopental or propofol. Rocuroniumbromid (Es-
meron®) was used as muscle relaxant. Propofol was used for sedation in the
NICU together with morphine in the artificially ventilated patients. Paracetamol
and morphine were used as analgesics. Nutrition was given enterally through a
nasogastric tube, interrupted between 02 and 06 am. At night the light was
dimmed to a minimum and only the most necessary care was given to patients
to allow for night rest.

Data collection

Clinical

The first documented clinical neurological status and the neurological status on
admission and at discharge were recorded using the RLS85 *'® and the WFNS
scale *>. The amount of blood on the first CT scan was graded using the Fisher
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scale . The first CT scan was also evaluated for the occurrence of global cere-
bral oedema *°. The hospital stay for each patient was classified as complicated
(i.e. occurrence of neurological deficits or infections) or uncomplicated. The
outcome was scored by a telephone interview at 6 months after the SAH, using
the Glasgow outcome scale (GOS) Ho,

In the subgroup of patients, the clinical course was studied in detail regarding
clinical parameters such as mechanical ventilation, treatment of the aneurysm,

infections, administration of drugs and treatment of suspected vasospasm.

Blood sampling and laboratory analyses

The initial samples (day 0) were collected on arrival from the patients that were
admitted the same day as the bleeding. After that, daily blood samples were
collected at 06 am for one week. In the subgroup of 20 patients S-cortisol and
P-ACTH were sampled at 06, 12, 18 and 00 o’clock. In the subgroup we also
collected the daily urine volume in order to measure U-cortisol, starting the
morning after admission.

All analyses were carried out at the Laboratory for clinical chemistry and
pharmacology at Uppsala University Hospital. Their reference value for ACTH
is < 46 ng/L. The morning reference interval for S-cortisol is 170 - 540 nmol/.
The normal cortisol loss in urine is 100-380 nmol/day. ACTH in blood plasma
was analysed with DPC Immulite 2000/2500 instrument (Siemens Healthcare
Diagnostics, Deerfield, IL, USA). The coefficient of variation for total impreci-
sion is 3.9 % at 26.1 ng/L and 2.9 % at 266 ng/L. Cortisol in blood serum and in
urine was analysed using the instrument Modular E170/Cobas E (Roche Diag-
nostics, Mannheim, Germany). Coefficient of variation for total imprecision is
3.1 % at 284 nmol/L and 3.8 % at 750 nmol/L. The analyses include both the
free fraction and protein bound cortisol in serum. Unbound cortisol is excreted
in the urine and therefore the urine analysis measures the free fraction.

Data analysis

Whole group of patients

The patients were dichotomised at admission as conscious (RLS85 1-3) vs. un-
conscious (RLS85 4-8), good clinical grade (WFNS 1-3) vs. poor clinical grade
(WFNS 4-5), less blood on first CT scan (Fisher grades 2 and 3) vs. haematoma
(Fisher grade 4), the presence or absence of global cerebral oedema and age <55
years vs. >55 years. Patients were also dichotomised regarding the presence or
absence of neurological complications or infections during the NICU stay, and
whether or not they were given treatment for suspected vasospasm. Outcome
was dichotomised as poor (GOS 1-3) and favourable (GOS 4-5). For the group
distributions see Table 6. The S-cortisol and P-ACTH concentrations the same
day as the bleeding (day 0) were recorded and the mean concentrations on day 2
- 7, after the initial concentrations had declined, were calculated.
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Clinical parameter Group N

Age <55 years 18
>55 years 37
RLS85 First 1-3 Conscious 44
4-8 Unconscious 11
RLS85 Admittance 1-3 Conscious 40
4-8 Unconscious 15
RLS85 Discharge 1-3 Conscious 46
4-8 Unconscious 8
Dead 1
WENS grade 1-3 Good grade 26
4-5 Poor grade 29
Fisher grade 2-3 Subarachnoidal blood 26
4 Haematoma 29
Global cerebral oedema  Yes 29
No 26
Vasospasm Yes 12
No 43
Complicated hospital stay Yes 44
No 11
GOS 1-3 Poor outcome 23
4-5 Good outcome 32

Table 6. Distribution of patients in dichotomised groups. N= number of patients.

Diurnal variation in the subgroup

The S-cortisol and P-ACTH values were plotted for each patient. Moments for
aneurysm treatment, mechanical ventilation, infections and vasospasm treat-
ment were noted. P-ACTH less than 5 ng/L was plotted as 5 ng/L. For each
patient every 24-hour period was evaluated and classified regarding diurnal
variation. “Normal diurnal pattern” was defined as the highest S-cortisol at 06
am or at 12 am. A pattern with the lowest S-cortisol at 06 am or at 12 am was
classified as “reversed”. All other patterns were classified as “unspecific”. The
correlation between the percentage of days on mechanical ventilation and the
percentage of days with reversed diurnal variation was examined.

Statistical analyses

Statistical analysis and graphical presentation of the results were done using
Statistica 8.0. A p-value <0.05 was considered statistically significant. Since P-
ACTH was not normally distributed, non-parametric tests were used for all stat-
istical analyses. This included Friedman’s ANOVA (with post-hoc Wilcoxon
matched pairs test with multiplication of the p-value according to number of
comparisons) to analyse change over time and Spearman Rank for correlations.
Group comparisons were made with Mann-Whitney U test and Fisher exact
two-tailed test.
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Paper IV

Patients

19 patients (6 men and 13 women) with spontaneous SAH who received ven-
tricular drainage and intracerebral MD were included. The inclusion criteria
were that the MD sampling started within 36 hours after the bleeding and con-
tinued for at least 120 hours. Mean age +SD was 55 +7.8 years. Patients were
treated in the neurointensive care unit according to principles described in the
background.

Data collection

Clinical

The level of consciousness was graded according to RLS85 *'® and the clinical

SAH grade according to the WFNS scale >2_ The amount of blood on the first
CT scan was classified according to the Fisher Scale ®°. Outcome was measured
after >6 months using GOS '°.

Intracerebral microdialysis

In 14 patients the MD probe was placed in the right frontal lobe and in 2 pa-
tients in the left frontal lobe, using a separate burr-hole anterior of the ventricu-
lar drain. In 3 patients the MD probe was placed at the craniotomy site in appar-
ently non-injured tissue in the frontal lobe (1 on the left and 2 on the right side)
during clipping of the aneurysm.

MD samples were collected hourly. The same probe, perfusion rate and prin-
ciples described in paper I was used. Interstitial glucose, lactate, pyruvate and
urea were analysed bedside. The interstitial concentrations of the 8 non-
transmitter amino acids alanine (Ala), aspargine (Asn), glutamine (Gln), isoleu-
cine (Ile), leucine (Leu), phenylalanine (Phe), serine (Ser) and tyrosine (Tyr)
were analysed. Also, glycine (Gly) and taurine (Tau), referred to as neuromodu-
lators (see Brain energy metabolism, amino acids in the background section),
and the excitatory amino acids aspartate (Asp) and glutamate (Glu) were meas-
ured.

High performance liquid chromatography (HPLC) with fluorescence detec-
tion was used for the analysis. The amino acids were automatically derivatised
with o-phthaldialdehyde in a CMA/200 (CMA Microdialysis) refrigerated mi-
cro-sampler and gradient separated on a Nucleosil C18 column, Spm 60 x 4 mm
(Knauer, Berlin, Germany). The mobile phase consisted of 0.1M sodium acet-
ate, pH 6.7, tetrahydrofurane and methanol. For further details see % Quality
control measurements of the HPLC system using blank water samples as well as
standardised calibration solutions matching those of the human samples were
run daily. In addition, internal control samples were run together with each pa-
tient series.
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Amino acids in plasma

In 3 patients, amino acids in plasma were analysed once a day at the Laboratory
for clinical chemistry and pharmacology at Uppsala University Hospital. An ion
exchange chromatography procedure with ninhydrin on a Pharmacia LKB Bio-
chrom 20 amino acid analyser (Pharmacia LKB, Uppsala, Sweden) was used.
The method is standardised using commercial amino acid solutions (A-6407
and A-6282, Sigma-Aldrich Fine Chemicals, St Louis, MO, USA). The assay is
continually validated by an external quality assurance system for amino acids
(European Research Network for the Evaluation and Improvement of Screening,
Diagnosis and Treatment of Inherited Disorders of Metabolism; ERNDIM).

Statistical analyses

Temporal patterns of amino acids and energy metabolites for the entire patient
group were determined by examining the concentrations of the metabolites at
defined time points (36, 60, 84, 108 and 132 hours after the onset of SAH) in all
individuals using Friedman’s ANOVA. When Friedman’s ANOVA showed
significant changes over time, Wilcoxon matched pairs test was used to com-
pare MD-data at consecutive moments (36 vs. 60, 60 vs. 84, 84 vs. 108 and 108
vs. 132 hours). Comparisons between conscious and unconscious patients were
done using the Mann-Whitney U test at 12-hour intervals (36, 48, 60, 72, 84,
96, 108, 120, 132 hours after the onset of SAH). The individual value used at
each 12- or 24-hour time point was the mean of 3 consecutive hourly MD-
measurements, e.g. the 24-hour value was the mean of the 23-, 24- and 25- hour
concentrations. In 3 patients, the concentrations of amino acids in plasma were
compared to the concentrations of amino acids in the brain. In this comparison,
brain interstitial concentrations were corrected for in vivo recovery '”*. In all
other analyses the uncorrected dialysate concentrations were used. Dichoto-
mised data i.e. extubation vs. not in the two subgroups was compared with
Fisher exact two-tailed test. A p-value <0.05 was considered statistically sig-
nificant. Statistica 7.1 was used for the statistical evaluation.

Paper V

Patients

Nineteen patients with spontaneous subarachnoid haemorrhage admitted be-
tween November 2008 and December 2009 who received ventricular drainage
were included. Clinical characteristics of the patients are shown in Table 7.
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N

Women: Men 14: 5
Age (mean +SD) 59.149.5
Aneurysm location

Ant circulation 12
Post circulation 5
No aneurysm found 2
Aneurysm treatment
Clipping 5
Coiling 12
No treatment 2
Intubation
Any time 19
Whole time 16
Suspected vasospasm 6
Median (25™: 75™)
WENS 4 4:5)
1-3 3
4-5 16
Fisher 4 (3:4)
3 5
4 14
RLS85 admittance 3 (3:5)
1-3 13
4-8 6
RLS8S5 discharge 2 2: 4)
1-3 13
4-8
Dead 1

Table 7. Clinical characteristics of 19 patients in study V. 25™: 75M = 5™, 75t percen-
tiles.

One patient with diabetes mellitus was treated by diet. No patients received
insulin or drugs against diabetes. Patients were treated in the neurointensive
care unit according to principles described in the background.

Insulin protocol
Short acting insulin was administrated according to our clinical routine proto-
col. The target level of plasma (P)-glucose was 5-10 mmol/L and intermittent
injections of insulin in doses of 5-10 E were given subcutaneously or intrave-
nously when P-glucose exceeded 10 mmol/L. Insulin infusion was not used in
the study group.

Cerebral microdialysis

All patients received cerebral MD as described in paper I and IV. The cerebral
MD probe was placed in the frontal lobe cortex through a separate burr hole,
anterior of the ventricular drain in 18 patients. In one patient the MD probe was
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located frontally at the craniotomy site in apparently non-injured tissue. The
MD samples were collected on an hourly basis. MD/P-glucose ratios (see “Ev-
aluation of data” and Figure 14B) were corrected for an estimated in vivo re-
covery of 70 % '®. Except for the MD/P-glucose ratios, the MD-values pre-
sented in paper V are uncorrected for in vivo recovery, implying that the true
interstitial concentrations are approximately 43 % higher. Critical values of
MD-metabolites without correction for in vivo recovery, conservatively chosen
on the basis of published human cerebral MD data '***%", are shown in Table 8.

Analyte Critical value

Glucose <1 mmol/L
LPR >30

Lactate > 3.5 mmol/L
Pyruvate <120 umol/L
Glutamate > 15 umol/L
Glycerol > 100 umol/L

Table 8. Critical MD values (without correction for in vivo recovery), based on Re-
instrup et al '* and Schulz et al **’. CMA-70 with 10 mm membrane length and a flow
rate of 0.3 pL/min.

Plasma samples

Plasma samples for analysis of glucose from an arterial line was collected every
3 hours and analysed on ABL 825 Flex (Radiometer Copenhagen). The day-to-
day variations for different glucose concentrations are: at 2 mmol/L 0.06, at 5
mmol/L 0.05 and at 15 mmol/L 0.14.

Evaluation of data

When calculating the correlation between MD-glucose and P-glucose, the MD
value that corresponded closest in time (accounting for the 20 minutes time-
delay in the MD sampling) to the plasma value was used. The correlation co-
efficient measures the strength of linear relationship between parameters i.e. if
the parameters increase or decrease simultaneously. However, it gives no in-
formation about the size of one parameter in relation to the other. Therefore, the
ratio between the MD- and P-glucose was also calculated (MD/P-glucose ratio).
To evaluate changes over time, the mean MD-metabolite value, mean P-glucose
and mean MD/P-glucose ratio for every patient each day of the first week were
calculated.

All occasions with P-glucose above 10 mmol/L resulting in insulin adminis-
tration were identified and analysed further. The MD-concentration of glucose,
lactate, pyruvate and glutamate before, as well as 1 and 4 hours after insulin
injection, was noted. Four hours was chosen because the maximum insulin ef-
fect after subcutaneous injection occurs within this time and the initial analyses
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showed that most changes of the MD-values occurred within this range of time.
For every patient, the mean value of the MD-metabolite before and after insulin
injection was compared.

Statistical analyses

Shapiro-Wilk’s test was used to examine the normal distribution assumption. P-
glucose, MD-glucose and MD-pyruvate were normally distributed and MD-
lactate was normally distributed after logarithmic transformation. MD-LPR,
MD-glutamate and MD-glycerol were not normally distributed. Correlations
were calculated with Pearson correlation coefficients. A mixed effect ANOVA
was used to evaluate if the association between brain glucose and P-glucose was
dependent of the time after SAH. For comparison of dependent data, T-test for
dependent samples for normally distributed and Wilcoxon matched pairs test for
not normally distributed data, were used. To evaluate changes over time, Re-
peated Measure ANOVA (with post-hoc Bonferroni corrections) was used for
normally distributed data and Friedman’s ANOVA (with post-hoc Wilcoxon
matched pairs test with multiplication of the p-value) was used for not normally
distributed data. Statistical analysis and graphical presentation of the results
were done using Statistica 8.0. A P-value less than 0.05 was considered statisti-
cally significant.

Ethics

The Uppsala University Regional Ethical Review Board for clinical research
granted ethical permission for all the studies. Written consent was received from
the patients or their relatives.
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Results

Paper [

CT

Thirty-one of the 52 patients showed global cerebral oedema on the first CT
scan. The median (25™: 75™ percentiles) time that elapsed between the initial
bleeding and the first CT scan was 2 hours (1.5: 4 h). There was no statistically
significant difference between the two subgroups in this respect (p=0.76).

Clinical parameters

The clinical characteristics of the patients are presented in Table 9. The results
from comparing the clinical data for patients with (G+) and without (G-) global
cerebral oedema are presented in Table 10. There were no differences regarding
the presence or duration of unconsciousness at ictus or the number of haemor-
rhages. The median (25" 75" percentiles) RLS85 grade was 3 (3: 4) in the G+
group and 2 (2: 4) in the G- group (p=0.22). There was a tendency for a worse
median (25™: 75" percentile) WFNS grade in the G+ group 4 (4: 4) compared to
the G- group 3 (2: 4) (p=0.26). The median (25"™: 75" percentiles) Fisher grade
was 3 (3: 4) in the G+ group and 4 (3: 4) in the G- group (p=0.42). There was
no statistically significant difference between the G+ and G- group regarding
the number of patients on mechanical ventilation at admittance (p=0.24) or at
the end of the monitoring time (p=0.28).

On discharge from our unit, 20 patients (64 %) were awake in the G+ group
compared to 17 (81 %) in the G- group (p=0.23). The median (25™: 75" percen-
tiles) RLS85 at discharge in the G+ group was 2 (2: 5) and in the G- group 2 (2:
2) (p=0.37). Twelve patients (39 %) in the G+ group and 13 patients (62 %) in
the G- group showed good recovery at 6 months (p=0.16).
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G+ (n) G- (n)
Mean age (year £SD) 55.2+10.3 54.9 £12.2
Sex (Female: Male) 19: 12 16:5
Aneurysm location
AComA 13 7
PComA 3 3
Carotid bifurcation 1
MCA 6 6
ACA 2 1
Posterior circulation 4 3
No aneurysm found 2
Angiography not performed 1
Treatment
Embolisation 19 12
Surgical clipping 9 8
Haematoma evacuation 1 2
No aneurysm treatment 3 1

Table 9. Clinical characteristics of the patients in the subgroups global cerebral oedema
(G+) (n=31) and without global cerebral oedema (G-) (n=21). SD = Standard deviation,
AComA = Anterior communicating artery, PComA= Posterior communicating artery,

MCA = Middle cerebral artery, ACA = Anterior cerebral artery.
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G+ G- P

n (%) n (%)
Presence of unconsciousness 20 (65) 18 (86) 0.12
Duration of unconsciousness 0.5
0 min 11 (35) 3(14)
<10 min 4 (13) 7 (33)
> 10 min 16 (52) 11 (52)
Number of bleedings 0.15
1 24 (77) 11(52)
>1 7(23) 10 (48)
RLS85 at admittance 0.22
1 2 (6.5) 4 (19)
2 5(16) 7 (33)
3 15 (48) 4 (19)
4 2 (6.5) 1(5)
5 4 (13) 4 (19)
6 1(3) 1(5)
7 1(3)
8 1(3)
Fisher score 0.42
2 1(3) 2(9.5)
3 16 (52) 7 (33)
4 14 (45) 12 (57)
WENS 0.26
1 1(3) 3(14)
2 4 (13) 7 (33)
3 1(3) 1(5)
4 19 (61) 5(24)
5 6 (19) 5(24)

Mechanical ventilation
Admittance 23 (74) 12 (57) 0.24
End of monitoring time 24 (77) 19 (90) 0.28

RLS8S at discharge 0.37
1 5(16) 4(19)
2 12 (39) 12 (57)
3 3(9.5) 1(5)
5 4(13) 1(5)
6 2 (6.5) 1(5)
7 2 (6.5)
Dead 3(9.5) 2(9.5)
GOS 6 months 0.62
1 7(23) 6 (29)
2 1(3)
3 11 (35) 2(9.5)
4 7(23) 11 (52)
5 5(16) 2(9.5)
Outcome 0.16
Good 12 (39) 13 (62)
Poor 19 (61) 8 (38)

Table 10. Comparisons of clinical data for patients with (G+), (n=31), and without (G-),
(n=21), global cerebral oedema.
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Microdialysis
MD-lactate

Median concentrations of MD-lactate in the G+ and G- group are shown in Fig-
ure 3. The G+ group showed higher concentrations of MD-lactate compared to
the G- group. This difference was statistically significant in the time-interval
70-79 hours after SAH (p=0.047). In the time-intervals 60-69 and 80-89 hours
after SAH the difference was just above the significance level (p=0.058 and
p=0.066 respectively).
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Median (25th and 75th percentile)
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Figure 3. Median concentrations and the 25™: 75th percentiles of MD-lactate in the
group with global oedema (G+) and without global oedema (G-).

MD-pyruvate

Median concentrations of MD-pyruvate are presented in Figure 4. Significantly
higher concentrations of MD-pyruvate were found in the G+ group in the time
interval 70-79 hours after SAH (p=0.039). In the time interval 80-89 hours after
SAH there was a trend towards higher MD-pyruvate in the G+ group (p=0.1)
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PYRUVATE
Median (25th and 75th percentile)
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Figure 4. Median concentrations and the 25™: 75" percentiles of MD-pyruvate in the
group with global oedema (G+) and without oedema (G-).

MD-LPR

The G+ group exhibited somewhat higher values of the MD-LPRs but the dif-
ference was not statistically significant. There was a low incidence of MD-
LPRs above 40 indicating overt energy metabolic crisis/ischemia. In the time
interval 50-90 hours after SAH, only 8 patients (26 %) in the G+ group showed
any MD-LPR > 40 in 181 of 1271 hourly samples (14 %). In 6 patients the MD-
LPR increase was due to an ischemic pattern with increased MD-lactate and
reduced MD-pyruvate (Type 1) °. In 2 patients the MD-LPR elevation was the
result of reduced MD-pyruvate (Type 2) **. In the G- group 6 patients (29 %)
presented MD-LPRs above 40 in 87 of 861 hourly measurements (10 %). Five
patients showed a Type 1 pattern and one patient a Type 2 pattern **.

MD-glucose
No significant differences between the groups were observed.
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Paper 11

Basic clinical parameters

190 patients with aneurysmal SAH were included in the study. The clinical
demographic parameters and 6-month mortality are shown in Table 11. The
sample of 190 patients was compared with the cohort from a previous study of
aneurysmal SAH from our department '**. The percentage of patients with
Fisher 3 was higher and Hunt and Hess 3 was lower in the present series but
there was no other significant differences. Therefore the present material ap-
peared to be a representative sample for our clinic.

Global cerebral oedema on the first CT scan was found in 109 patients (57
%). The admission parameters for patients with or without oedema are listed in
Table 12. Patients with global cerebral oedema were admitted in a worse clini-
cal condition as defined by Hunt & Hess and WFNS. Regarding the Fisher
scale, the only marginally significant difference was that oedema patients had
less of Fisher 2 class bleeding compared to those without oedema (p=0.059).
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Present study 1997-2006

N 190 1063
Age £SD 54.6 £10.3 56.2+12.3 ns
% %
Women 64 68 ns
Hunt & Hess
1-2 59 52 ns
3 17 21 p <0.05
4-5 24 27 ns
WEFENS
1-2 62 59 ns
3 3 5 ns
4-5 35 36 ns
Fisher
1 2 5 ns
2 14 13 ns
3 50 42 p <0.05
4 34 40 ns
6 month mortality 13 13 ns
Anterior circulation 89 86 ns
Posterior circulation 11 14 ns
Coil 61 62 ns
Clip 34 31 ns
Both 3 3 ns
No treatment 2 3 ns

Table 11. The demographic data for the present material and for an earlier published
material from our department '**. The clinical condition at admission, according to Hunt
& Hess and WENS, is divided in 3 groups, in order to enable comparison with earlier
material. The only differences were that the percentage of Fisher 3 was higher and Hunt
and Hess 3 was lower in the present material. ns = not significant. SD = standard devi-
ation.
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G+ G-

N 109 81
Age £SD 53.7+9.7 559+11.0 ns
% %
Women 65 62 ns
Hunt & Hess
1-2 50 70 p <0.005
3 23 10 p <0.05
4-5 27 20 ns
WENS
1-2 53 74 p <0.005
3 3 3 ns
4-5 44 23 p <0.005
Fisher
1 2 2 ns
2 10 20 ns (p=0.059)
3 56 43 ns
4 32 35 ns
6 month mortality 13 15 ns
GOS
Poor (1-3) 32 27 ns
Favourable (4-5) 67 68 ns
Data missing 1 5 ns
Anterior circulation 85 94 ns
Posterior circulation 15 6 ns
Coil 63 60 ns
Clip 33 35 ns
Both 1 4 ns
No treatment 3 1 ns

Table 12. The demographic data divided in patients with (G+), (n=109), and without
(G-), (n=81), global cerebral oedema. In the group with oedema, fewer patients were in
a better clinical condition and more patients in a worse clinical condition compared to
those without oedema. ns = not significant. SD = standard deviation.

Outcome
Outcome was available for 185 patients (97 %). We found no significant differ-
ence in outcome between patients with and without global cerebral oedema,
either in comparing favourable (GOS 4-5) and poor (GOS (1-3) or the 6-month
mortality.

Time-lag between the bleeding and the first CT scan

In 175 patients it was possible to determine the exact time of the bleeding. In
157 of them (90 %) the CT scan was done within 24 hours after the bleeding.
All patients investigated after 24 hours had sought healthcare when relatively
minor symptoms such as severe headache and/or neck stiffness did not resolve
spontaneously. Two of these were sent home on the day of bleeding without CT
and came back the next day due to continues headache. In 15 cases it was not
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possible to determine when the bleeding had occurred. Six of those patients
were sent to hospital when relatives or neighbours realised something was
wrong and 7 were found unconscious. Finally, for the last 2 patients information
about the time of rupture was lacking in the medical records. The distribution of
the time lag between bleeding and first CT scan is shown in Figure 5. The me-
dian time from haemorrhage to first CT scan for patients with global cerebral
oedema was 2.5 hours and for those without oedema 3.4 hours (p<0.05).

We also compared the time lag from the bleeding to the first CT scan be-
tween patients in better condition (Hunt and Hess 1-2 and WFNS 1-2) and pa-
tients in worse condition (Hunt and Hess 3-5 and WFNS 3-5). We found no
significant difference in the time lag between the two severity groups either
using Hunt and Hess or WFNS (p=0.27 and 0.29 respectively).

Time lag from SAH to first CT scan

100 1

Number of patients

Il Ocdema

Day after SAH No oedema
Figure 5. Time lag between SAH and the first CT scan, divided in patients with and
without global cerebral oedema. The figure is based on 175 of the 190 cases in which
the actual time for bleeding could be identified. The time lag was median 2.5 h for pa-
tients with oedema and 3.4 h for those without (p<0.05).
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Paper III

Patients

The clinical characteristics of the whole group of 55 patients and the 20 patients
in the subgroup are shown in Table 13.

All 55 patients Subgroup 20 patients
N (%) N (%) p
Women: Men 38:17 15:5 0.78
Age (mean £SD) 58.8+9.4 59.7 £10.1 0.71
Aneurysm location 0.96
Ant circulation 47 (85) 17 (85)
Post circulation 4 (7.5) 1 )
No aneurysm 4 (7.5) 2 (10)
Aneurysm treatment 0.73
Clipping 21 (38) 7 (35)
Coiling 28 (51) 10 (50)
No treatment 6 (11) 3 (15)
Intubation 0.81
Any time 42 (76) 14 (70)
Whole time 24 (44) 9 (45)
Global oedema 29 (53) 7 (35) 0.20
Median  (25™: 75™) Median 25™: 75™)
WENS 4 (1: 4) 3 (1: 4) 0.80
Fisher 4 (3:4) 4 3:4) 0.23
RLSSS first 2 (1:3) 2 2:4) 0.35
RLSS8S5 in 3 2:4) 2 (2:3) 0.88
RLSS8S5 out 2 (1:3) 2 (1:3) 0.62
GOS 6 months 4 3:4 3 1:4) 0.12

Table 13. Clinical characteristics of the group of 55 patients and the subgroup of 20
patients in paper III. SD = standard deviation, Ant = anterior, Post = posterior. 25M; 75
= percentiles.

The entire group of 55 patients

Blood samples were acquired for 7.5 £0.66 days (mean =SD). However, on day
0 samples were acquired only from 44 patients. Median concentrations of S-
cortisol and P-ACTH day 0 to day 7 are shown in Table 14 and in Figure 6 and
7. There was a significant change over time in both S-cortisol (p<0.0001) and P-
ACTH (p < 0.0001) with higher concentrations day 0 of both S-cortisol and P-
ACTH compared to day 1-7 (p < 0.01). There was a significant correlation be-
tween P-ACTH and S-cortisol each day, with a tendency of increasing correla-
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tion over time (day 0; r=0.60, day 1-5; r=0.67-0.70, day 6-7; r=0.78). Table 14.
S-cortisol values below 170 nmol/L were found sporadically in 11 patients (4 %
of morning samples).

Day after Cortisol (25™:75™) ACTH (25™:75™) Correlation

SAH (nmol/L) (ng/L) (r)

0 1119 (728: 1483) 79 (19:170)  0.60
1 680 (456:912) 12 (6.3:18)  0.68
2 539 (379:911) 9.0 (5.0:18)  0.67
3 501 (280: 679) 8.2 (5.1:14)  0.70
4 612 (433:742) 10 (6.6:18)  0.68
5 620 (458:812) 14 (8.0:23)  0.67
6 475 (322: 726) 13 (5.0:22) 0.78
7 547 (376: 757) 16 (9.7:24)  0.78

Table 14. The median concentrations and 25™; 75™ percentiles of S-cortisol and P-
ACTH and the Spearman rank order correlation between S-cortisol and P-ACTH by day
after SAH in the group of 55 patients. The samples day 0 were collected on arrival to
the neurosurgical unit and the samples day 1-7 were collected at 6 am. Reference values
for S-cortisol are 170 - 540 nmol/L and for P-ACTH < 46 ng/L. 25™M: 75M = percentiles.

S-Cortisol at admission and at 6 am day 1-7

55 patients
1600 r

1400 |
1200 |
1000 r
800 r
600 |
400 |
200

*

S-Cortisol (nmol/L)

0 1 2 3 4 5 6 7
Day after SAH

Figure 6. Median (25™: 75™ percentiles) concentrations of S-cortisol day 0-7 after SAH.
There was significantly * higher S-cortisol day 0 compared to day 1-7.
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P-ACTH at admission and at 6 am day 1-7
55 patients
180 1

160 |
140 |
120 |
100 |

ES
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0 1 2 3 4 5 6 7
Day after SAH

Figure 7. Median (25th: 75" percentiles) concentrations of P-ACTH day 0-7 after SAH.
There was significantly * higher P-ACTH day 0 compared to day 1-7.

S-cortisol and P-ACTH in relation to neurological condition and CT scan

There were no differences in S-cortisol or P-ACTH concentrations based on
only the neurological condition at admission or the amount of blood on the CT
scan. However, patients with global cerebral oedema (n=29) on the first CT
scan had significantly higher S-cortisol at admission, median (25": 75" percen-
tiles), 1279 (1022: 1575) nmol/L compared to patients without global cerebral
oedema, (n=26), 829 (648: 1260) nmol/L) (p<0.001). Patients with global cere-
bral oedema also were in a worse RLS85 grade (p=0.001) and WFNS grade
(p=0.01) at admission and RLS85 grade at discharge (p=0.003) compared to
patients without global cerebral oedema. For comparison of patients with and
without global cerebral oedema see Table 15.
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Clinical parameter G+ @5™; 75™) G- @5™:75™ p

Cortisol Admit (nmol/L) 1279 (1022: 1575) 829 (648:1260)  <0.001*
ACTH Admit (ng/L) 117 (34: 213) 34 (16: 128) 0.1
Cortisol D 2-7 (nmol/L) 580 (501: 707) 522 (454:665) 0.3
ACTH D 2-7 (ng/L) 13 (10: 21) 16 (11: 20) 0.6
RLS85 Admit 3 (2:5) 2 (1:3) 0.001*
RLS85 Discharge 2 (1:5) 1.5 (1:2) 0.003*
WENS Admit 4 (3:4) 2 (1: 4) 0.01*

Table 15. Comparison of patients with global cerebral oedema (G+) (n=29) and without
global cerebral oedema (G-) (n=26). Median concentrations and the 25, 75 percen-
tiles are shown. Patients with global cerebral oedema showed significantly* higher S-
cortisol at admittance and were in a worse RLS85 and WFNS grade at admittance and
RLS85 at discharge compared to patients without global cerebral oedema. Admit =
admittance. 25" 75" = percentiles.

S-cortisol and P-ACTH in relation to age and gender

There was no association between age and S-cortisol concentrations or age and
admission P-ACTH. Older patients had higher mean concentrations of P-ACTH
day 2-7 (21 +18 ng/L) compared to younger patients (14 +7 ng/L), p=0.045.
There was no difference in P-ACTH and S-cortisol concentrations between men
and women.

S-cortisol and P-ACTH in relation to clinical course and outcome

We observed a trend towards higher S-cortisol at admission for patients that
showed poor outcome (p=0.2). The patient with the highest admittance S-
cortisol (2332 nmol/L) also had high mean concentrations of S-cortisol day 2-7
(904 nmol/L) and died due to cerebral ischemia. The P-ACTH concentrations in
this patient were within normal range. Apart from that, we found no differences
regarding S-cortisol or P-ACTH concentrations based on clinical course or out-
come.

Subgroup of 20 patients

Diurnal variation

All 20 patients showed diurnal variation of S-cortisol. A normal diurnal pattern
was present in 69 of 140 monitored days (49 %), a reversed diurnal pattern in
60 days (43 %) and an unspecific pattern in 11 days (8 %). Figure 8 A+B. Nine-
teen patients showed at least one day with reversed diurnal variation. A mixed
pattern, with normal, reversed and unspecific diurnal variation of S-cortisol,
was found in 9 patients (45 %). Also P-ACTH varied diurnally, with a tendency
of a more rapid cycling (zigzag) pattern at the beginning and at the end of the
week with a smoother pattern in between.
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Clinical course in the subgroup

An aneurysm was treated in 17 patients. Six patients showed S-cortisol and P-
ACTH elevations in the first sample collected postoperatively. The postopera-
tive increase in S-cortisol and P-ACTH occurred both in patients that were ex-
tubated and in patients that remained on ventilator. Figure 8C.

Five patients developed delayed ischemic neurological deficits that were
considered to be caused by vasospasm. No change in the diurnal variation of S-
cortisol was identified during these periods. P-ACTH was suppressed in 3 of
these patients, see below and Figure 8D.

Thirteen patients were treated with antibiotics due to meningitis, airway in-
fection or sepsis. Three of them showed increased values of S-cortisol and P-
ACTH in connection to the infection.

Nine patients were on mechanical ventilation for the entire 7 days. Another 5
patients required mechanical ventilation for totally 14 days altogether. In 41 of
the 77 ventilator treated days (53 %), a reversed diurnal pattern of S-cortisol
was found. In comparison, in 19 of 63 spontaneously breathing days (31 %) a
reversed diurnal pattern of S-cortisol was present. There was a significant corre-
lation between the percentage of days on ventilator and the percentage of days
with reversed diurnal variation (r=0.46), p<0.05. Five patients were weaned off
the ventilator in connection to surgery or embolisation, and an additional 3 pa-
tients during the monitoring period. Increased P-ACTH and S-cortisol were
detected in the first sample collected after extubation in 5 patients.

Correlation between S-cortisol and P-ACTH

As found in the entire patient group, there was a positive correlation between S-
cortisol and P-ACTH in the subgroup. However 15 of 20 patients showed at
least one suppressed P-ACTH (<5 ng/L), often after a P-~ACTH-peak. The sup-
pression was more prolonged (1-2 days) in 4 patients. During these prolonged
periods, S-cortisol peaked independently despite undetectable P-ACTH. Figure
8D. In 2 of these 4 patients, the prolonged periods of depressed P-ACTH occur-
red at the same time as high intracranial pressure and the development of cere-
bral ischemia. Another patient developed brain ischemia after a period with
depressed P-ACTH.
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A. Normal diurnal variation B. Reversed diurnal variation
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Figure 8A. An example of normal diurnal variation with the highest S-cortisol at 6 am.
8B. An example of reversed diurnal variation with the lowest S-cortisol at 6 am. 8C. An
example of peaks in P-~ACTH and S-cortisol following occlusion of an aneurysm. The
hormone peaks occurred in the first blood sample collected after the procedure. 8D. An
example of depressed P-ACTH below the detectable level (<5 ng/L). S-cortisol in-
creased despite depressed P-ACTH. P-ACTH concentrations less than 5 ng/L are shown
as S ng/L.

Urine-cortisol

There was no significant difference over time in the daily urine excretion of
cortisol. Figure 9. For each day, there was a significant positive correlation be-
tween the mean concentration of S-cortisol and total amount of U-cortisol,
r=0.71 day 1, 0.57 day 2, 0.80 day 3, 0.66 day 4, 0.81 day 5, 0.53 day 6 and
0.71 day 7. No patient had U-cortisol below the reference range. Patients in
good SAH grade (WFNS 1-3), n = 11 had significantly higher U-cortisol excre-
tion day 1-7, median (25™: 75" percentiles); 3493 (1478: 6636) nmol/d com-
pared to patients in poor SAH grade (WFNS 4-5), n = 9; 1223 (1053: 1989)
nmol/d, p=0.025. A similar trend was found for S-cortisol in the subgroup.
There was no difference in U-cortisol between patients based on the amount of
blood or the presence of global cerebral oedema on the first CT scan.
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Figure 9. Median (25™: 75™ percentiles) excretion of cortisol in urine for the patients in
the subgroup day 1-7 after SAH. The normal cortisol loss in urine is 100-380 nmol/day.
D=day.

Paper IV

Clinical parameters

For the clinical characteristics of the patients see Table 16. At admittance, 11
patients were conscious (RLS85 1-3) and 8 were unconscious (RLS85 4-8).
Seven patients were treated for vasospasm, 6 of these were conscious at admit-
tance. All patients were intubated initially. Six patients were extubated during
the monitoring period, 1 patient in the unconscious group (107 hours after SAH)
and 5 patients in the conscious group (after a mean of 69 +32 hours), p=0.18.
During the hospital stay 2 patients died, 2 patients remained deeply comatose
and 15 patients were conscious at discharge.

Outcome

Six months clinical follow up according to GOS was available for 18 patients
and after 3 months in 1 patient. In the group of patients conscious at admission,
2 patients were dead, 3 patients GOS 3 (Severe disability), 4 patients GOS 4
(Moderate disability) and 1 patient GOS 5 (Good outcome). The patient who
dropped out at 6 month scored GOS 5 at 3 months check up. In the patient
group unconscious at admission 3 patients were dead, 2 patients GOS 3 and 3
patients GOS 4. There was no statistical significant difference in outcome be-
tween the groups.
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N Median (25™: 75'™)

RLS85 3(2:5)
1 1
2 4
3 6
4 1
5 5
6 1
8 1
WEFNS grade 4(2:5)
1 1
2 5
4 6
5 7
Fisher grade 4(3:4)
3 8
4 11
Aneurysm
MCA 6
AComA 6
PComA 3
BA 2
PCA 1
No aneurysm found 1

Aneurysm treatment

Endovascular 10
Clipping
GOS 3(1:4)
1 5
3 5
4 7
5 2

Table 16. Clinical characteristics of patients in paper V. MCA = Middle cerebral ar-
tery, AComA = Anterior communicating artery, PComA = Posterior communicating
artery, BA = Basilar artery, PCA = Posterior cerebral artery, 25" 75" = percentiles.

Temporal amino acid pattern in the whole group of patients

When the MD-concentrations of the non-transmitter amino acids Ala, Asn, Gln,
Ile, Leu, Phe, Ser and Tyr and the neuromodulator Gly were plotted, a specific
pattern emerged over time. The MD-concentrations started to increase 60-70
hours after the SAH. Figure 10. The increase in interstitial concentration over
time was significant for all these 9 amino acids. MD-Leu, MD-Ile and MD-Asn
increased significantly between all measured 24-hour intervals. The other non-
transmitter amino acids increased significantly between 84 and 108 hours and
between 108 and 132 hours. MD-Gly increased significantly between 60 and 84
hours and between 84 and 108 hours.
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Figure 10. Median hourly concentrations of ten non-transmitter and neuromodulator
amino acids in 19 patients after SAH. A typical pattern with a marked increase after 60-
70 hours was found.

MD-pyruvate increased significantly over time. This increase occurred between
60 and 84 hours and between 84 and 108 hours after the SAH. There was no
significant change in the concentrations of MD-glucose, MD-lactate or MD-
LPR. Table 17. The MD-LPRs mostly remained stable between 20 and 26.
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Friedman’s WC wC wC wC

ANOVA 36-60h 60-84h 84-108h 108-132h
Non-Transmitters
Alanine (Ala) i ns ns i i
Aspargine (Asn) i i i i i
Glutamine (Gln) i ns ns i i
Isoleucine (Ile) i i i i i
Leucine (Leu) i il i i il
Phenylalanine (Phe) 1 ns ns 1 1
Serine (Ser) i ns ns 1 1
Tyrosine (Tyr) 1 ns ns 1 1
Neuromodulators
Glycine (Gly) T ns i i ns
Taurine (Tau) ns - - - -
Excitatory
Aspartate (Asp) ns - - - -
Glutamate (Glu) ns - - - -
Energy metabolites
Lactate ns - - - -
Glucose ns - - - -
Pyruvate i ns i i ns
LPR ns - - - -

Table 17. The table shows the amino acids measured in the study and the result from
comparing the changes over time of the interstitial amino acids and the energy metabo-
lites in 19 patients with SAH (Ser 18 patients). WC = Wilcoxon matched pairs test, T =
statistically significant increase, ns = not significant, - = Wilcoxon matched pairs test
not performed. LPR=lactate/pyruvate ratio.

Comparison of patients conscious vs. unconscious at admission

One patient admitted in deep coma (RLS85 8) had a different clinical course
with development of an ischemic cerebral infarction and initially much higher
concentrations of all amino acids and signs of compromised energy metabolism.
This patient was excluded from the subgroup analysis below and hence, there
were 7 patients remaining in the unconscious group and 11 patients in the con-
scious group of patients.

In general there were higher concentrations of the non-transmitter and neu-
romodulator amino acids among the patients that were conscious at admission
compared to the unconscious patients. This difference was obvious 3 days after
the SAH and increased during the following 2 to 3 days. Consequently the con-
scious patients displayed a more pronounced increase and higher concentrations
of the non-transmitter and neuromodulator amino acids. Figure 11 shows the
changes over time of MD-Asn, MD-Leu and MD-Phe for conscious and uncon-
scious patients respectively. Similar patterns and significant differences were
also found for MD-Ala, MD-Gly, MD-Ile, MD-Ser, MD-Tyr and MD-Tau.
Table 18 shows the result from comparing the concentrations of amino acids
and energy metabolites in conscious vs. unconscious patients.
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There were significantly higher concentrations of MD-pyruvate in conscious
compared to unconscious patients at 96, 108, 120 and 132 hours after SAH.
Figure 11. Table 19. Between 84 and 132 hours after the SAH, the MD-
pyruvate concentrations in the conscious group varied between 159-196 uM,
which is almost twice as high compared to the unconscious group, 102-131 uM.
There were no differences between the two groups regarding concentrations of
MD-glucose, MD-lactate or MD-LPR.

84h 96h 108h 120h 132h

MD-Ala * * * *
MD-Asn * *

MD-Ile *
MD-Leu * * * *
MD-Phe * *
MD-Ser *

MD-Tyr * *

MD-Gly * * *
MD-Tau * *
MD-Pyruvate * * * *

Table 18. The result from comparing the MD-concentrations of amino acids and energy
metabolites between patients conscious vs. unconscious at arrival to NICU in study IV.
Significantly higher MD-concentrations * in conscious patients were found at 84 hours
after SAH for Ala, Leu, Phe, Ser and Gly, at 96 hours after SAH for Ala, Asn, Leu, Phe,
Ser, Tyr, Gly and pyruvate, at /108 hours after SAH for Asn, Leu, Phe, Tyr and pyru-
vate, at /20 hours after SAH for Ala, Ile, Leu, Phe, Gly, Tau and pyruvate and at /32
hours after SAH for Ala, Leu, Tau and pyruvate.

Time after SAH MD-pyruvate conscious MD-pyruvate unconscious

(h) (eM) (M)
84 159 105

(114: 219) (98: 129)
96 * 173 102

(121: 203) (101: 155)
108 * 195 106

(151: 232) (96: 163)
120 * 196 123

(156: 246) (106: 143)
132 * 183 131

(167: 237) (120: 170)

Table 19. Median concentrations (25" 75™ percentiles) of MD-pyruvate in conscious
and unconscious patients. * Significant difference.
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Figure 11. Median concentrations and the 25™: 75t percentiles of (A) MD-Asn, (B)
MD-Leu, (C) MD-Phe and (D) MD-pyruvate (Pyr) in conscious vs. unconscious pa-
tients plotted against time from the SAH onset. Similar differences between conscious
and unconscious patients were found for MD-Ala, MD-Gly, MD-Ile, MD-Ser, MD-Tyr
and MD-Tau.
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Amino acids in plasma

In 3 patients we analysed the amino acids Ala, Asn, Gly, Ile, Leu, Tyr, Phe and
Ser in plasma. Initially the concentrations of these amino acids in plasma were
2-15 times higher than the concentrations in the brain. During the monitoring
period, the amino acid concentrations in the brain increased but remained stable
in plasma. Finally, the amino acids concentrations in the brain became equal to
or even higher than in plasma. The concentration of Gln was initially the same
in brain and plasma. With time, the concentration of Gln in the brain increased
to twice the plasma concentration. All data not shown, but a typical example is
demonstrated in Figure 12.
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Figure 12. An example of the amino acid pattern in plasma compared to the brain. The
concentration of Phe was initially lower in the brain than in plasma. When the concen-
tration of Phe in the brain increased, the concentration in plasma remained stable.
Finally, the concentration of Phe in the brain became higher than in plasma.
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Paper V

The average cerebral MD monitoring time +SD was 147 +72.5 hours.
P-glucose and MD-metabolites

Plasma glucose and brain MD-glucose

MD-glucose values corresponding to different P-glucose intervals are shown in
Figure 13. Higher P-glucose was associated with higher MD-glucose.

Brain MD glucose at different plasma glucose levels
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Figure 13. MD-glucose values corresponding to different P-glucose intervals. Mean
concentrations and 95 percent confidence intervals are shown. P-glucose 5 includes P-
glucose values between 5 and 5.99, 6 = 6-6.99 mmol/L etc.

There was no significant change of P-glucose during the 7-day observation pe-
riod. The MD-glucose concentration gradually decreased during the observation
period and was significantly lower day 3 to 7 compared to day 1 (p=0.01). Fig-
ure 14A + 16A.

Changes in MD/P- glucose ratio over time

The MD/P-glucose ratios day 4 to 7 were significantly lower compared to day 1
(p<0.0001). When correcting the MD-glucose for in vivo recovery, the mean
ratio between MD-glucose and P—glucose day 1 was 0.37 compared to 0.17 day
7. Figure 14B. The decrease of the MD/P-glucose ratio over time was mainly
due to the gradual decrease of MD-glucose over the entire observation period.
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A. Brain MD and plasma glucose B. Brain MD/Plasma glucose ratio
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Figure 14A. Mean values and 95 per cent confidence interval of P-glucose and MD-
glucose. There was a significant* decrease of MD-glucose day 3-7 compared to day 1.
14B. Mean values and 95 per cent confidence interval of MD/P-glucose ratio. There
was a significant* decrease of MD/P-glucose ratio day 4-7 compared to day 1.

Correlation coefficients between P-Glucose and MD-Glucose

The mean correlation coefficient between P-glucose and MD-glucose was 0.27
+0.27, (p=0.0005) for the entire patient group. There were, however, variations
in the individual correlation pattern between brain MD- and P-glucose. In 13
patients there was a positive correlation, in 2 patients that developed brain
ischemia there was a negative correlation and in 4 patients there was no correla-
tion at all between MD- and P-glucose.

There was no significant effect of time on the correlation between MD- and
P-glucose. But when the correlation coefficients for the early period, 1-3 days
after SAH, vs. the later period, 4-6 days after SAH, were compared, we found a
trend towards a stronger correlation in the later period (0.48 +0.33) compared to
the early period (0.26 +0.49), p=0.13. This tendency of closer correlation over
time was explained when the individual patients’ curves were inspected. In 10
of the 13 patients that showed a positive correlation between MD- and P-
glucose, the correlation increased with time and thus, MD-glucose followed P-
glucose to a greater extent later in the course compared to earlier. Figure 15.
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Interstitial MD and plasma glucose levels
A positive correlation develops by time
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Figure 15. An example of a positive correlation between interstitial MD- and P-glucose
that developed 3 days after SAH.

MD-lactate, MD- pyruvate, MD-glutamate and MD-glycerol

The mean MD-pyruvate concentrations were less than 120 umol/L during the
first 3 days after SAH. Subsequently, MD-pyruvate as well as MD-lactate con-
centrations increased. Figures 16A+B. Compared to day 1, MD-pyruvate were
higher day 4 to 7 (p<0.001) and MD-lactate higher day 3 to 7 (p<0.00001).
There was no significant change over time of MD-LPR. Figure 16B. The MD-
glutamate concentration was significantly higher day 1 compared to later
(p<0.04). Figure 17A. There was no significant change of MD-glycerol concen-
trations over time Figure 17B.
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Figure 16A. Mean values and 95 per cent confidence interval of MD-glucose and MD-
lactate. Compared to day 1 there was a significant* decrease of MD-glucose day 3-7
and a significant increase of MD-lactate from day 3-7. 16B. Mean values and 95 per
cent confidence interval of MD-pyruvate and MD-LPR. There was a significant* in-
crease of MD-pyruvate day 4-7 compared to day 1. No significant change of MD-LPR
was found.
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A. Brain MD glutamate B. Brain MD glycerol
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Figure 17A. Median values and 25™: 75™ percentiles of MD-glutamate. MD-glutamate
was significantly* higher day 1 compared to day 2-7. 17B. Median values and 25™: 75"
percentiles of MD-glycerol.

Insulin administration

There were 43 occasions in 9 patients when insulin administration was accom-
panied by enough MD data to be evaluated, see Table 20. The range of P-
glucose before insulin administration was 10.2-15.0 mmol/L and after insulin
administration 5.5-15.2 mmol/L. After injection of insulin that induced a mod-
erate decrease of plasma glucose to levels that were still normal to high, there
was a significant decrease of MD-glucose and MD-pyruvate but no changes of
MD-lactate, MD-LPR or MD-glutamate. We further divided the patients into 3
categories according to the effect of insulin on the P-glucose level. See Table
20.

On 5 of 23 occasions (22%) when plasma glucose decreased to 5-10 mmol/L
after insulin injection, the MD-glucose decreased to less than 1 mmol/L. The
reduction of P-glucose in these cases was on average 33 % and P-glucose de-
creased to a mean of 7.8 (range 6.4 - 9.7) mmol/L. In 2 of the 23 occasions
when plasma glucose decreased to 5-10 mmol/L after insulin injection did MD-
pyruvate decline from above to below the critical level of 120 pmol/L. In 8 of
23 cases when plasma glucose decreased to 5-10 mmol/L after insulin injection
did MD-pyruvate decline from levels that were already below 120 umol/L. On
no occasion when plasma glucose decreased to above 10 mmol/L or increased
did the MD-glucose decrease below 1 mmol/L.
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Before After Change p
insulin (SD) insulin (*SD) (%)
All insulin administrations, n=43 (9 patients)
P-glucose 12.2 (1.5) 10.1 (2.5) -17 <0.000001*
MD-glucose 2.1 0.4) 1.6 0.4) -24 0.002*
MD-lactate 3.6 (1.1) 3.4 (1.3) -5.6 0.3
MD-pyruvate 136 (43) 125 (48) -8.1 0.007*
MD-LPR 26.1 (6.2) 27.0 (7.2) +3.4 0.3
MD-glutamate ~ 21.0 (10) 20.0 (26) -4.8 1.0
Plasma glucose 5 - 10 mmol/L after insulin, n=23 (9 patients)
P-glucose 11.8 (1.5) 8.1 (1.5) -31 <0.000001*
MD-glucose 1.90 0.7) 1.40 (0.6) -26 0.02*
MD-lactate 3.71 1.4 3.56 (1.3) -4.0 0.09
MD-pyruvate 144 (48) 132 (45) -8.3 0.03*
MD-LPR 27.2 (7.8) 28.8 (10) +5.9 0.1
MD-glutamate 20.9 29) 23.2 31 +11 0.2
Plasma glucose > 10 mmol/L after insulin, n=13 (5 patients)
P-glucose 13.0 (1.4) 11.6 (0.8) -11 0.0005*
MD-glucose 2.96 (1.3) 2.34 (1.1) 221 0.07
MD-lactate 4.27 (1.6) 3.97 (1.8) -7.0 0.4
MD-pyruvate 137 (44) 130 (41) -5.1 0.4
MD-LPR 30.4 (11) 31.5 (11) +3.6 0.3
MD-glutamate 19.6 (25) 18.7 (28) -4.6 0.6
No effect on plasma glucose, n=7 (4 patients)
P-glucose 12.1 (1.2) 13.3 (1.3) +9.9 0.07
MD-glucose 2.22 0.7) 2.06 0.4) -7.2 0.24
MD-lactate 3.92 (1.2) 3.87 (1.6) -1.3 1.0
MD-pyruvate 142 (43) 136 (60) -4.2 0.5
MD-LPR 27.2 4.2) 28.1 (5.5) +3.3 0.4
MD-glutamate  36.6 (56) 21.2 (25) -42 0.3

Table 20. Mean values and the change of brain MD-glucose, MD-lactate, MD-pyruvate,
MD-LPR and MD-glutamate 4 hours after insulin administration divided according to

the effect on blood glucose levels. SD = standard deviation.
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Discussion

Global cerebral oedema

Clinical parameters and global cerebral oedema
Incidence and time lag from bleeding to CT

In study II, a higher frequency (57 %) of global cerebral oedema was observed
compared to previous studies. The International Cooperative Study on the Tim-
ing of Aneurysm Surgery '"* reported an incidence of 6 % for "mass effect" in
their material collected between 1980 and 1983. Since then the application of
CT technology has developed immensely, both regarding the imaging itself and
it’s interpretation. The data published by Claassen, Kreiter and Lagares **'**'*’
were collected later, but still only 8 % 4 and 3.5 % '* were recorded as having
global cerebral oedema and 7 % '*7 global brain hypodensity on the first CT
scan. However, in a recent publication by Hanafy, the incidence of global cere-
bral oedema on admission CT scan among 850 consecutive SAH patients was
28 % *7. The high incidence of global cerebral oedema in SAH patients in our
material is supported by a recent publication *' in which 81 % of poor grade
SAH patients displayed MRI patterns indicating cytotoxic oedema within the
first 24 hours.

The main difference between our study and the publications reporting lower
rates of oedema seems to be the time lag between the SAH and the first CT
scan. In the earlier studies 45-83 % “*''*'** of the patients had their first CT
scan within 24 hours of the bleeding, but the range could be up to 30 days '*’. In
Hanafy’s study, the time to the first CT after the SAH was not reported *’. In the
present study 90 % had the first CT scan within 24 hours after SAH. This short
time lag from SAH to CT may contribute to the high incidence of global
oedema recorded in this study. In study II, the median time lag between bleed-
ing and CT scan was 2.5 hours in the oedema group and 3.4 hours in the non-
oedema group. This difference may imply that an early CT scan is more likely
to detect global cerebral oedema. A possible confounding factor is that more
severely injured patients may arrive at the hospital sooner. When we dichoto-
mised our patients by severity, however, no significant difference in the time
lag between bleeding and CT scan was found.

The hypothesis in study II that an early CT scan is more likely to reveal glo-
bal cerebral oedema is supported by experimental studies. Using MRI, it was
shown in animal models of SAH that signs of cytotoxic oedema appeared
within minutes **'®. A second phase of oedema can then develop in the pres-
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ence of failed autoregulation or a compromised blood-brain barrier (for refer-
ences see ). Since we observed the oedema very early after SAH, it could be of
another type than the oedema recorded in the other studies 04122127 - which in
turn could affect the outcome. The character of the global cerebral oedema, the
differences between early and late oedema and the relations to the clinical
course should be further explored.

Admission clinical grade and outcome

When comparing the patients with and without global cerebral oedema, we
found that patients with oedema were admitted in a worse clinical status defined
by WFNS, Hunt & Hess and RLS85 score (Paper II+IIl). The same trend was
present in study I but did not reach statistical significance. This agrees with
other studies that have identified loss of consciousness and high Hunt & Hess
grade as predictors for global cerebral oedema at admission. It also provides
support for the view that global cerebral oedema at admission relates to a more
severe initial impact **''*12%127,

The clinical grade was worse for patients in study I compared to study II and
III. Mean (£SD) WFNS in study I was 3.5 (£1.3) compared to 2.4 (£1.5) and
3.0 (£1.5) in study II and III respectively. This difference in admittance grade
could be explained by the difference in selection of the patients in the studies.
The inclusion criteria for study I was based on the requirement for ventricular
drainage, resulting in a selection of patients in a worse clinical status i.e. uncon-
scious or hydrocephalic and patients in study II and III represented a more gen-
eral SAH population.

We measured functional outcome after 6 months and found no difference be-
tween the patients with and without oedema in study II and III, but there was a
trend of worse outcome for patients with global cerebral oedema in study I:
poor outcome was found in 61 % of patients with global cerebral oedema com-
pared to 38 % of patients with no global cerebral oedema (p=0.16).

Our results differ from earlier studies that revealed an association between
global cerebral oedema and poor outcome after SAH **'**'*’. Comparison is
difficult since different scales (Modified Ranking scale ** GOS '*7) and a com-
bination of neuropsychiatric tests '** at different time points were used. The fact
that our data show that patients with global cerebral oedema on the first CT scan
were admitted in a worse clinical status but that the presence of oedema had no
impact on outcome could possibly be explained in different ways. Clinical re-
search on NICU patients is a complicated issue since the programmed care aims
at continuously optimising their situation and NICU care of SAH patients was
shown to improve outcome especially for the patients in clinically worse condi-
tions *°. It is also possible that variations in the clinical course have greater im-
pact on outcome than the oedema. Also, as the GOS scale is coarse and not
suited to detect subtler differences in function and therefore measurements with
GOS cannot always describe the impairments patients experience after SAH.
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Finally, it is possible that the relation between the oedema on the first CT scan
and the following clinical course simply is weak.

In summary, the presence of global cerebral oedema on the first CT scan was
associated with a worse clinical grade at admittance, probably reflecting a more
serious primary brain injury. A connection between global cerebral oedema and
worse outcome cannot be excluded in these studies; a larger study and outcome
scales designed to detect cognitive dysfunction are probably more appropriate to
evaluate outcome in relation to global cerebral oedema.

Energy metabolism and global cerebral oedema

In study I we found that patients with spontaneous SAH and global cerebral
oedema on the first CT scan displayed higher concentrations of interstitial MD-
lactate and MD-pyruvate in the time window 60-90 hours after the bleeding
compared to those without oedema. MD-LPR was mainly on non-ischemic lev-
els, suggesting that other mechanisms than ischemia were responsible for the
MD-lactate elevation. We suggest that the elevations of interstitial MD-lactate
and MD-pyruvate, found in patients with global cerebral oedema could reflect
an increased glucose metabolism and a transition to a hyperglycolytic state *°,
related to increased energy demand to repair the injured brain after SAH. This
could make the brain more vulnerable to secondary insults and increase the
likelihood of energy failure.

HPA response and early global oedema

In study III, patients with global cerebral oedema showed higher S-cortisol on
admission. This suggests that there may be a link between hormone levels and
early global cerebral oedema.

There is an interaction between the HPA axis and the sympathetic nervous
system. Noradrenergic neurons and CRH potentiate each other 292 An associa-
tion between the development of delayed oedema and the use of vasopressors
was previously observed *’. Similarly, the initial oedema may be the result of
the stress reaction and norepinephrine release at the time of bleeding. Another
mechanism that may link the stress response to global cerebral oedema is the
local and systemic inflammatory response to brain injury. The activation of the
sympathetic nervous system seems to be crucial to increase the chemochine
release by the liver, and this process could be mediated by pro-inflammatory
cytokines released from brain macrophages. In parallel, the increase in inflam-
matory cytokines stimulates the HPA axis, leading to an immunosuppressive
response. The pro-inflammatory process may result in immune cell trafficking
into the injured brain and an increased BBB permeability, offering a potential
explanation to the correlation of global cerebral oedema and high S-cortisol
concentrations on the day of haemorrhage found in study III (for references see
34

).

Adrenaline stimulates cerebral uptake of glucose and lactate

glucose metabolism in astrocytes . Astrocytes take up glucose and release

44,130,131,206
SRR and
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. 177 .
lactate that is consumed by neurons 18,177 Thus, an increased glucose metabo-

lism in patients with global cerebral oedema, as found in study I, might have
been triggered by a pronounced stress response.

Based on the result from paper I and III, we propose that the global cerebral
oedema as well as the associated increase in cerebral MD-lactate and MD-
pyruvate might be the result of a more pronounced stress reaction in patients
with global cerebral oedema after SAH.

The HPA response during the first week after SAH

In study III, we found a HPA response after SAH with elevated S-cortisol and
P-ACTH the day of the haemorrhage, as reported in few published studies
13149160182 “ Oyr results thus support previous literature. The increased hormone
concentrations soon returned to normal, faster for P-ACTH than for S-cortisol.
This pattern is recognised from surgical procedures "**'*’. Morning S-cortisol
below 170 nmol/L was rare and found only in sporadic samples (4 %) in alto-
gether 11 patients. In addition, no patients showed U-cortisol excretion below
the reference range. Only scant information on the prevalence of acute adrenal
insufficiency after SAH can be found in the literature **’. In addition to vari-
ations in the methodology used and differences in the evaluation of data there is
also an uncertainty about what is a sufficient stress response after an intracranial

catastrophe such as SAH %,

HPA response and clinical factors

No difference in S-cortisol or P-ACTH concentrations depending on clinical
status at admission or the amount of blood on the first CT scan was found, con-
sistent with a previous study 5 In the subgroup of 20 patients, higher U-cortisol
excretion day 1 — 7 was related to better neurological status scored with the
WENS grade. This seems to indicate that a critical factor could be the amount of
unbound, free cortisol, which is the biologically active fraction of S-cortisol.
Relatively lower levels of free cortisol may reflect a weaker response of the
HPA system.

After subarachnoid haemorrhage there is a risk that high intracranial pressure
may damage the hypothalamus and the pituitary gland, and thus interfere with
the function of the HPA system. It is possible that different abilities to mobilise
this physiologic defence can explain why patients admitted in what seems to be
the same clinical condition can develop entirely different clinical courses. How-
ever, we found no association between cortisol levels or diurnal patterns and
whether or not there were complications in the NICU period. In patients with
brain ischemia there was periods of P-ACTH suppression (see below).

In the subgroup, elevations of S-cortisol and P-ACTH were found in relation
to aneurysm treatment and following extubation. This activation of the HPA
axis is probably an adaptive response to encounter the increased stress °'. In-
creased levels of cortisol were recently reported for patients who developed
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cerebral vasospasm after SAH **. In study III however, we could not confirm

this, neither regarding hormone levels nor the diurnal pattern. This may il-
lustrate that vasospasm is not a well-defined complication.

Diurnal variation of S-cortisol

All 20 patients in the subgroup showed a diurnal variation of S-cortisol. A re-
versed pattern was common and correlated with the number of days on me-
chanical ventilation. Disturbed biological rhythms of cortisol have previously
been described in both SAH and TBI '%!'71762%2 1 3 study by Poll, an abnor-
mal diurnal pattern of S-cortisol was found to be more common in mechanically
ventilated patients. They also found that a normal diurnal pattern of S-cortisol
was associated with a more favourable clinical course '**. It is an expected find-
ing that patients on mechanical ventilation show a higher degree of disturbed
diurnal rhythm since they, due to the sedation, are deprived of the normal envi-
ronmental stimuli that regulate the biological rhythms.

Abnormal hormonal patterns and cerebral ischemia

A frequent finding in the subgroup of 20 patients in study III was periods of
suppressed P-ACTH of variable length. Four of these periods were more ex-
tended with simultaneously high S-cortisol. These periods appeared in conjunc-
tion with suspected brain ischemia. This agrees with Koiv et al 120 , who showed
that damage, possibly ischemic, in the mesencephalic and diencephalic part of
the brain was related to low levels of P-ACTH. It has also been demonstrated
that protracted critical illness was associated with a decrease in P-ACTH and
the persistence of high levels of S-cortisol °. Another possibility is that the
ACTH depression was the result of a local pressure effect on the hypothalamus
or the pituitary gland. The decrease of P-ACTH and the persistence of high S-
cortisol suggest that alternative pathways other than hypothalamic CRH may

stimulate the S-cortisol secretion e.g. inflammatory cytokines ¢ and endothelin
232

Cerebral metabolism changes during the first week after SAH

The results from study IV and V show that the concentration of MD-glucose
was relatively high and MD-pyruvate concentration critically low >’ the first
days after SAH. During the course of the first week, MD-glucose and MD/P-
glucose ratios decreased in parallel with a gradual increase of MD-pyruvate and
MD-lactate with unchanged and normal MD-LPR. MD-pyruvate normalised in
conscious but remained low in unconscious SAH patients. There was an in-
crease of brain interstitial non-transmitter amino acids that started 60-70 hours
after the SAH and correlated temporally to MD-pyruvate. The increase of MD-
amino acids, as for MD-pyruvate, was more pronounced for patients who were
conscious at admission compared to unconscious patients. The temporal chan-
ges of the brain metabolites observed in these studies probably indicate a recov-
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ery of the brain glucose metabolism after an initial depression. Our data suggest
a gradual transition to a hyperglycolytic state (increased MD-pyruvate and MD-
lactate with normal LPR) *° resulting in increased glucose consumption (low-
ered MD-glucose) in spite of a P-glucose level above 6 mmol/L, leading to a
significant lowering of the MD/P-glucose ratio. We submit that this pattern is
related to increased energy demand to repair the injured brain. The gradual in-
creases of non-transmitter amino acids, reflecting an increased amino acid turn-
over, is probably also a sign of the brain repair process. Low pyruvate levels in
patients with a more severe SAH may hamper this process and thus the recovery
of the brain.

In study V, MD-glutamate was significantly elevated on day one, suggesting
glutamatergic perturbation, probably reflecting the initial global ischemia at the
aneurysm bleed and perhaps leakage over an injured BBB. We consider the
critically low MD-pyruvate on day 1-3 to be a reflection of the increased energy
demand by increased glutamate/glutamine cycle activity to normalise interstitial
glutamate levels '**.

In paper V, there was no statistically significant change of MD-glycerol, but
there was a trend towards an increase on day 1-2, possibly reflecting increased
membrane phospholipids degradation and/or oxidative stress *7'*’.

A difference between the studies was a significant change in the daily con-
centrations of MD-glucose, MD-lactate and MD-glutamate, found in study V
but not in study IV. The most obvious explanation for this diversity is that the
analyses in study IV did not include day 1. However, when plotting the data
from study IV, the same trend as in study V were found regarding MD-glucose
concentrations (decreasing) and MD-lactate concentrations (increasing).

The initial level of consciousness and the brain metabolic pattern

It was found in study IV and V that MD-pyruvate was critically low early in the
course after SAH and MD-pyruvate and MD-amino acids started to increase 3
days after SAH. MD-pyruvate normalised in conscious but remained low in
unconscious patients. Low concentrations of MD-pyruvate and MD-amino acids
in unconscious patients may indicate a deficient energy situation in the patients
with the most serious brain injury.

Reasons for the low MD-pyruvate in unconscious patients

Low pyruvate levels may be caused by lack of glucose supply that in turn may
be due to insufficient glucose delivery to the brain (low blood levels or impaired
transportation across the BBB or cell-membranes), an impaired pyruvate syn-
thesis or shunting of glucose to alternative pathways such as the pentose phos-
phate pathway. This pathway leads to the formation of pentose substrates for
nucleotide and lipid synthesis and to the maintenance of glutathione in the re-
duced form that is important for the defence against free radical injury and lipid
peroxidation. An increased activity in the pentose phosphate pathway was
shown after TBI > and it is likely that an increased activity in this pathway after
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SAH could constitute a source of increased glucose utilisation in the uncon-
scious patients.

A question is whether different treatment (i.e. general anaesthesia/sedation in
unconscious patients to tolerate the ventilator) could create the different meta-
bolic patterns found in the patients who were conscious vs. unconscious at ad-
mission in study IV? At admission, all patients were mechanically ventilated
and during the monitoring period 1 patient (13%) in the unconscious group and
5 patients (45%) in the conscious group were extubated. Previous studies have
shown that thiopental inhibits hexokinase activity *° and the first step in the
glycolysis, the transfer of glucose to glucose 6-phosphate, is then hampered.
This results in an increase in glucose and decrease in lactate and pyruvate.
However, there were no differences in MD-glucose and MD-lactate concentra-
tions between conscious and unconscious patients and thiopental was rarely
used. One animal study showed that propofol did not alter energy metabolites
levels, including pyruvate '”* but another study showed increased MD-LPR,
MD-glutamate and MD-glycerol in propofol treated animals **. A trend of lower
steady state concentrations of MD-pyruvate and MD-lactate was observed dur-
ing general anaesthesia (isoflurane or propofol) and neurosurgery compared to
before and after the procedure '*. In study IV, among the patients in the uncon-
scious group that remained on mechanical ventilation, there was a tendency for
those patients that remained deeply comatose (n=3) to have even lower concen-
trations of MD-amino acids and MD-pyruvate compared to the patients that
improved after the initial period (n=4). As a rule, deeply unconscious patients
do not require as much sedation as patients that are not as deeply unconscious.
If sedation was the only factor behind the low MD-pyruvate and MD-amino
acids concentrations in the patients unconscious at admission, we would have
expected the more deeply comatose patients (who require less sedation) to have
higher concentrations of MD-pyruvate and MD-amino acids (compared to the
patients not as deeply unconscious) and not lower concentrations as found in the
study.

In conclusion, the reduced MD-pyruvate concentrations in patients that were
unconscious at admission might have been due to an impaired pyruvate synthe-
sis and/or an increased utilisation for rebuilding and defence mechanism after a
severe brain injury but an effect of anaesthesia cannot be excluded.

Mechanisms potentially involved in the observed amino acid changes

In study IV, there was a pattern of increasing MD-amino acids and MD-
pyruvate concentrations starting 3 to 4 days after SAH. The increase was less
pronounced for patients that were unconscious at admission, compared to con-
scious patients. The pathways for the biosynthesis of amino acids are diverse,
but the carbon skeletons come from the glycolytic pathway, pentose phosphate
pathway or citric acid cycle intermediates *'*. After an injury to the brain an
injury response is initiated, involving different cells, in which the protein syn-
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thesis is up-regulated **'*”. The elevation of MD-amino acids found in study IV
might be a reflection of an increased amino acid turnover related to the injury
response initiated after the SAH. SAH patients, unconscious at admission,
showed lower MD-pyruvate and MD-amino acids concentrations, which could
indicate an impaired brain energy balance in patients with a more serious brain
injury.

Except for GIn, the normal concentrations of amino acids are 6-10 times
higher in plasma than in the cerebral interstitial compartment '*'%_ The transfer
of amino acids out of CNS is thus against a concentration gradient and requires
energy . This, together with the observation that BBB dysfunction may evolve
after SAH, could constitute a mechanism for passive leakage of amino acids
from the blood stream into the brain. However, the interstitial amino acids con-
centrations in the brain (measured in 3 patients, Figure 12) often became higher
than in plasma, suggesting other mechanisms than passive BBB leakage behind
the elevation of MD-amino acids in the brain.

Relation between plasma glucose and brain interstitial glucose

Paper V revealed a significant, but weak positive correlation between plasma
and brain glucose, as shown after SAH and TBI before **'"®. In a previous study
it was found that low, as well as high brain glucose values may occur independ-
ently of the blood glucose level after SAH >, Similarly, we found a wide vari-
ation of P-glucose values in the lower MD-glucose interval, showing that criti-
cally low MD-glucose values appear without simultaneously hypoglycaemia.
Low cerebral glucose occur in cerebral ischemia irrespective of the actual P-
glucose and in a metabolic situation when the cerebral consumption of glucose
exceeds the delivery .

The MD/P-glucose ratios in study V (based on MD-glucose values corrected
for in vivo recovery) were in the range of 0.34-0.41 on day 1 and decreased to
0.15-0.20 until day 7. This is lower than the normal values for CSF/blood glu-
cose ratio (0.5-0.7) in adults ©’. This finding supports our notion of an increased
cerebral energy demand for repair and restore processes early after SAH.

The individual variation of the correlation coefficients between P- and MD-
glucose was large. However, there was a trend towards stronger correlation later
in the course, possibly caused by a gradual restoration of the BBB functions.
Glucose transport across the BBB and in astrocytes is mainly mediated by the
glucose transporter 1 (Glut 1) 218 Glut 3 is the neuronal glucose transporter 5
Sodium glucose transporter (SGLT) is another glucose transporter expressed in
neurons '* and brain artery endothelial cells (BBB) ¥ An upregulation of Glut
1, Glut 3 and SGLT has been shown after brain ischemia, which probably is
important to protect the brain from hypoglycaemia during periods of increased
metabolic demand "*'3%19%227238 1 study V, the initially high brain MD-glucose
concentrations decreased over time, although P-glucose remained relatively
high. The fall in MD-glucose may imply that the up-regulation of the BBB glu-
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cose transportation capacity was insufficient and that the glucose utilisation
exceeded the supply. However, as we do not know the optimal interstitial glu-
cose level after brain injury, the decrease in MD-glucose could also reflect the
natural course with a down-regulation or normalisation of the glucose transpor-
tation proteins, slowing down the glucose transport into the brain later in the
course after SAH. Furthermore, the elevation of MD-glucose on the first day
after SAH may reflect an early depression of the glucose metabolism "***'* fol-
lowed by a gradual restoration, which in combination with an increased en-
ergy/glucose demand resulted in falling MD-glucose concentrations and MD/P-
glucose ratios.

Effect of insulin on brain glucose metabolism

Administration of insulin in study V was associated with a significant decrease
of MD-glucose and MD-pyruvate, even when plasma glucose levels ranged
from normal to elevated. The reduction of brain glucose was proportional to the
reduction of plasma glucose. The decline of MD-glucose and MD-pyruvate,
indicate an effect on brain glucose metabolism after insulin injection. Our find-
ings are in line with previous studies, showing that reductions in serum glucose,
even to a level considered as normal, 6.9 mmol/L, ** and an intensive glycaemic
control (glucose level 4.4/5.0-6.7 mmol/L) 170334 were associated with signs of
metabolic distress (defined as LPR >40 and MD-glucose <0.2-0.7 mmol/L).
Furthermore, it was found that insulin infusion reduced cerebral MD-glucose
despite stable P-glucose levels and no systemic hypoglycaemia *** indicating a
possible direct effect of insulin on brain glucose metabolism '*.

Implication for the NICU

The cerebral glucose concentration and MD/P-glucose ratio decreased over time
after SAH. Low brain glucose occurs at times when substrate delivery is de-
creased or when consumption of glucose is increased. It seems dangerous in
both these situations to reduce brain-glucose further, since this could turn the
brain in a situation of energy failure. Despite normal P-glucose levels, brain
MD-glucose and MD-pyruvate decreased when insulin was given. However, we
saw no indication of metabolic crisis as defined by increased MD-LPR and/or
MD-glutamate increase. A preserved MD-LPR is to be expected in situations
when glucose substrate is reduced without simultaneous hypoxia.

A strong stress response with elevated cortisol levels early after SAH '>'% (+
paper III) and an acute peripheral insulin resistance *>'®' could contribute to
high plasma glucose levels early after SAH. When the peripheral insulin sensi-
tivity is improving, the consequences of insulin injection on brain glucose me-
tabolism may be more pronounced.

Considering our results together with earlier studies that have shown that low
brain MD-glucose concentrations correlates to poor outcome in TBI '7**** and
SAH *”, we suggest that administration of insulin to neurosurgical patients
should be done with caution and preferably with monitoring of the brain energy
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metabolism. A target level of 5-10 mmol/L seemed to be reasonable safe, even
if plasma glucose in the lower interval probably should be avoided. Importantly,
in case of already low cerebral glucose levels, insulin administration may ex-
pose the brain to the danger of insufficient glucose supply, which may aggra-
vate an existing brain injury.

Methodological considerations

Patient populations

An important limitation is the small number of patients included in study I and
III-V. The result should therefore be interpreted with care.

MD was only initiated when a ventricular catheter was required. This creates
a selection bias. Patients who need a ventricular drain are generally in a worse
clinical condition compared to SAH patients that can manage without a ven-
tricular drainage. Thus, the result from the MD studies in this thesis should not
be generalised to a broader SAH population. From a scientific point of view it
would be preferable to include patients in a better clinical grade to get a more
representative SAH group. However, that would expose these patients to an
unnecessary surgical risk and that would not be ethically acceptable.

Evaluation of global cerebral oedema on CT scans

One problem is the quantification of oedema on the CT scans. In the present, as
well as other studies, oedema definition was based on visual estimation of hy-
podense areas on images. In fact, we do not know that this really represents
oedema or what type of oedema that is present. Another problem is that oedema
was dichotomised as present or absent in order to do statistical analyses. In re-
ality there is a graded scale of oedemas. The use of MRI would improve the
diagnostic possibilities, but MRI is often not available on an emergency basis
for these patients. One further problem in comparing studies is the different
backgrounds of the interpreter of the CT scans.

Hormonal analyses in the NICU

Several factors could disturb the measurements of hormones in the NICU. The
patients are physiologically unstable and there is a more or less continuous ac-
tivity around them. Pain, restraints, agitation and drugs could influence the di-
urnal variation making the interpretation of the data difficult. Different pharma-
cological substances interfere with the levels and actions of the hormones. One
of these is nimodipine, administrated to every patient in the studies. This is a
calcium antagonist shown in animal studies to have a potential influence on the
release of hormones from the anterior pituitary gland **'*' as well as from the
adrenal glands *""**. A decrease of P-ACTH was described during anaesthesia
with fentanyl '*® and diazepam °, drugs commonly used in the management of
SAH patients. There was no difference in the administration of these drugs be-
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tween patients in study III. Also, the patients in the study group are of different
ages, which could influence the hormonal response to critical care.

Microdialysis

The MD value reflects the concentration of the substance in the immediate sur-
rounding of the probe. Depending on what is to be measured, a focal or global
MD approach could be chosen ***’. With the focal approach, tissue at risk is
monitored and with the MD probe in the vascular territory of the aneurysm this
approach could be used in SAH patients for early detection of vasospasm '*°. In
this thesis, the MD probe was usually inserted in the frontal lobe cortex through
a separate burr hole in apparently non-injured tissue. Using the global MD ap-
proach, the MD is intended to measure the effects on non-injured tissue by glo-
bal events, e.g. high ICP ***’.

The insertion of the MD catheter may induce changes in the metabolites con-
centrations. However, existing literature shows that the metabolic effect of im-
plantation is transient '®'"89134195207 " A ceordingly, the first MD sample after
insertion was discarded.

Microdialysis values from oedematous tissue could be difficult to interpret.
Vasogenic and interstitial oedema would result in an extracellular dilution effect
and hence low concentrations of substances measured by MD. In ischemic cyto-
toxic oedema the volume of the extracellular space decreases due to the swell-
ing of the cells with consequently higher dialysate concentrations. It seems that
gray and white matter differs regarding concentrations of metabolites *’. In
order to allow for correct interpretation of MD data, the exact localisation of the
catheter tip should be defined and the occurrence of focal lesions and oedema
denoted.

The concentration of MD-pyruvate may be influenced by the use of general
anaesthesia. Animal studies comparing the effect of Propofol on energy metabo-
lites in the glycolytic pathway are, however, not unequivocal **'”*, see discus-
sion above. In a study by Reinstrup et al '®, there was a tendency that steady
state concentrations of MD-pyruvate and MD-lactate were lower in patients
during general anaesthesia and neurosurgery compared to before and after sur-
gery. There was no significant difference in the number of sedated and me-
chanically ventilated patients in the subgroups in study I. In study IV, however,
there was a trend that more patients remained on mechanical ventilation in the
unconscious group (87%) compared to the conscious group (55%), p=0.18. It is
inevitable that unconscious patients, i.e. patients with the most serious brain
injury are those treated with mechanical ventilation. Therefore, an effect of
anaesthesia on the MD pattern in the unconscious group of patients cannot be
excluded. In the future, the effects of anaesthesia on the cerebral MD energy
metabolites need further evaluation in studies designed to target these specific
questions.
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Conclusions

We studied patients with spontaneous SAH, with the aim to further characterise
the effect of the early brain injury on the hormonal response and brain metabo-
lism. These factors are of great importance for the neurointensive care of SAH
patients.

In our SAH population, global cerebral oedema was observed in a higher fre-
quency (57 %) than reported previously. Global cerebral oedema was detected
on CT scans as early as median 2.5 hours after SAH. Global cerebral oedema
was associated with a worse clinical condition at admittance and discharge,
probably reflecting a more serious initial global brain injury. In addition, pa-
tients with global cerebral oedema displayed higher S-cortisol at admission,
indicating that global cerebral oedema may be connected to the HPA response
initiated by the early brain injury. Early global cerebral oedema was related to
signs of increased brain glucose metabolism, with higher cerebral interstitial
concentrations of MD-lactate and MD-pyruvate 3 days after SAH, suggestive of
cerebral hyperglycolysis. This could make the brain more vulnerable to secon-
dary insults and increase the likelihood of energy failure. There was a trend
towards worse outcome in patients with global cerebral oedema, but only in
patients with the most serious SAH and not in a general SAH population.

Acutely after SAH, concentrations of P-ACTH and S-cortisol were elevated.
Low S-cortisol concentrations were rare. Higher U-cortisol excretion, reflecting
free cortisol, in patients in a better clinical grade may indicate a more robust
response of the HPA system. Suppressed P-ACTH occurred particularly in pe-
riods of brain ischemia, indicating a possible connection between brain
ischemia and ACTH suppression.

Initially after SAH, brain MD-glucose concentrations were relatively high and
MD-pyruvate concentrations critically low. During the course of the first week,
MD-glucose and MD/P-glucose ratio decreased in parallel with a gradual in-
crease of MD-pyruvate and MD-lactate, but MD-LPR remained normal. SAH
patients, conscious at admission, showed a normalisation of MD-pyruvate con-
centrations. In SAH patients, unconscious at admission, MD-pyruvate remained
critically low. The metabolic pattern, with a gradual increase of MD-pyruvate
and MD-lactate with normal MD-LPR, suggests a transition to a hypergly-
colytic state resulting in increased glucose consumption with decreased MD-
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glucose and MD/P-glucose ratios. This hyperglycolytic pattern is probably re-
lated to an increased energy demand to repair the injured brain.

The brain interstitial concentrations of non-transmitter amino acids increased
in parallel with brain MD-pyruvate. As for MD-pyruvate, the increase of MD-
amino acids was more pronounced in patients that were conscious at admission.
The gradual increase of non-transmitter amino acids, reflecting an increased
amino acid turnover, is probably also a manifestation of the brain repair process.
Low pyruvate levels in patients with a more severe SAH may hamper this pro-
cess and thus the recovery of the brain.

MD-glutamate was significantly higher the first day after SAH compared to
the following days. The reduction of MD-glutamate suggests a normalisation of
glutamatergic neurotransmission after an initial perturbation.

Administration of insulin was related to a lowering of MD-glucose and MD-
pyruvate, often to critically low levels, even though plasma glucose values re-
mained above 6 mmol/L. Thus, administration of insulin to neurosurgical pa-
tients should be done with caution and preferably with monitoring of the brain
energy metabolism. This is probably even more crucial when the cerebral glu-
cose metabolism has recovered after some days and an increased energy de-
mand has developed in the injured, repairing brain.
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Summary in Swedish — Sammanfattning pa
svenska

Forloppet och utgangen efter subarachnoidalblodning (SAB) varierar avsevirt
mellan olika patienter. Av stor betydelse for hjarnans kanslighet i den akuta
fasen, och ddrmed av vikt for patientens aterhdmtningsforméga, dr sannolikt
graden av primdr hjirnskada samt hur hjdrnans energibalans utvecklas den nér-
maste tiden efter blodningen. Mélet med denna avhandling &r att studera hur
faktorer som aterspeglar svérigheten av den priméra hjdrnskadan paverkar det
fortsatta forloppet samt att f4 en 6kad kunskap om fordandringar i hjarnans ener-
gibalans i samband med SAB.

I samband med en subarachnoidalblodning utsétts hjarnan for en kraftig syre-
brist och nedsatt blodcirkulation. Dirpa kan det uppstd en omfattande svullnad i
hjdarnan, generellt hjarnddem. I studie I, med 191 SAB patienter, var forekoms-
ten av generellt hjairnodem pd den forsta datortomografin 57 %, vilket dr en
hogre frekvens jamfort med tidigare studier. Patienter med generellt hjarnddem
kom tidigare till diagnos (median 2.5 timmar efter SAB) jamfort med patienter
utan hjirnddem (median 3.4 timmar). I studie II och III (55 SAB patienter) var
hjarnédem associerat med en lagre medvetandegrad vid ankomsten till neuroki-
rurgisk klinik samt en allvarligare SAB, vilket sannolikt aterspeglar en svérare
primédr hjarnskada hos patienter med generellt hjarnédem. Dessutom uppvisade
patienter med generellt hjdrnddem hogre nivder av cortisol i serum dagen for
blodningen, vilket kan tyda pa ett samband mellan forekomst av hjarnddem
samt den stressrektion som aktiverades vid blodningen. I studie I, med 52 SAB
patienter, var generellt hjirnddem associerat med hogre mikrodialys nivaer av
laktat och pyruvat i hjérnan, vilket kan indikera att hjirnmetabolismen var upp-
skruvad, s& kallad hyperglykolys. Forekomst av hyperglykolys, d& metabolis-
men i hjdrnan gar pd hogvarv, kan innebdra att hjarnans reserver redan &r utnytt-
jade och det foreligger da en storre risk for energibrist vid hdandelser som inne-
bir en okad energidtgdng i hjdrnan, till exempel feber eller kramper. Patienter
med generellt hjirnddem i studie I hade en tendens till simre utgang jamfort
med patienter utan hjarnddem, men denna tendens kunde inte &terfinnas i studie
IT och III.

I studie III utvdrderades aktiveringen av hypofysen (ACTH) och binjurebarken
(cortisol) i samband med SAB. En adekvat stressreaktion i samband med dkade
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pafrestningar, sdsom en livshotande hjarnblodning, &r vésentligt for att kunna
Overleva och for att upprétthalla balansen i kroppens olika system. Bdde ACTH
i plasma och cortisol i serum var kraftigt forhéjda dagen for blédningen och
minskade sedan snabbt. Patienter som hade en mindre allvarlig SAB uppvisade
hogre cortisolutsondring i urinen. Detta tolkar vi som att dessa patienter hade en
tillrackligt stark reaktion pd stressen i samband med hjarnblddningen. Som be-
skrivits ovan hade patienter med generellt hjdrnédem och allvarligare grad av
SAB tecken pé en mer uttalad stressreaktion med 6kad halt av cortisol i serum
dagen for blodningen. Alla patienter uppvisade en dygnsvariation av cortisol,
men speciellt hos patienter som vérdades i respirator var det vanligt med en
omvind dygnsrytm. Langre perioder med nedtryckta nivaer av ACTH i plasma
var vanligt forekommande hos patienter som utvecklade tecken pa syrebrist i
hjdrnan, sa kallad vasospasm. Detta dr ett nytt fynd som bor undersdkas vidare.

I arbete V, en mikrodialysstudie med 19 SAB patienter, visades att nivderna av
glukos i1 hjdrnan var héga och nivderna av energimetaboliten pyruvat kritiskt
laga tidigt efter blodningen. Under loppet av den forsta veckan sjonk nivéerna
av glukos medan pyruvat och laktat successivt 6kade. Detta monster kan tyda pa
att hjairnmetabolismen var uppskruvad (hyperglykolys) kanske for att kunna
mota det dkade energibehovet till f6ljd av ett intensifierat reparationsarbete i
hjédrnan. I studie IV (19 patienter) undersdktes med mikrodialys hur nivaerna av
olika aminosyror i hjidrnan forandrades over tid. Det framkom att alla aminosy-
ror 6kade tydligt efter ca 3 dagar. Okningen av aminosyrorna skedde parallellt
med en 6kning av pyruvat nivderna. Halterna av savil pyruvat som aminosyror
okade mer hos patienter som var vakna vid ankomsten till neurokirurgisk klinik
jamfort med patienter som var medvetslosa. Hos de medvetslosa patienterna
forblev nivderna av pyruvat l1ga medan de normaliserades hos de vakna patien-
terna. Detta kan innebéra att energisituationen i hjarnan var simre hos de pati-
enter som hade en allvarligare grad av SAB och att reparationsprocesserna i
hjarnan ddrmed riskerade att hammas.

I arbete V utvdrderades effekten pa hjdrnans metabolism av insulininjektion vid
blodsocker 6ver 10 mmol/L. Efter injektion av insulin sdgs en sdnkning av glu-
kos och pyruvat i hjérnan, trots att sinkningen av blodsockret var méttlig och
blodsockernivan 14g 6ver 6 mmol/L. For att inte dventyra hjdrnans energifor-
sorjning bor insulin ges med stor forsiktighet, och helst med 6vervakning av
hjarnmetabolismen, till patienter i den akuta fasen efter SAB.
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