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Ala  Alanine  
ANOVA Analysis of variance 
Ant Anterior 
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BBB Blood brain barrier 
CBF Cerebral blood flow 
CO2 Carbon dioxide 
CPP Cerebral perfusion pressure 
CRH Corticotrophin releasing hormone 
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CT  Computed tomography 
CTA Computed tomography angiography 
CV Coefficient of variation 
DIND  Delayed ischemic neurological deficits 
EBI Early brain injury 
G+ Global cerebral oedema group 
G- Without global cerebral oedema group 
GABA Gamma-amino butyric acid 
GCS Glasgow coma score 
Gln Glutamine 
Glu  Glutamate 
Glut Glucose transporter 
Gly Glycine 
GOS Glasgow outcome scale  
H&H Hunt and Hess scale  
HPA  Hypothalamic-pituitary-adrenal 
HPLC  High performance liquid chromatography 
ICP Intracranial pressure 
Ile Isoleucine 
Leu Leucine 
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NICU Neurointensive care unit 
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ns Not significant 
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Post Posterior 
RLS85 Reaction Level Scale 85 
SAH Subarachnoid haemorrhage 
S Serum 
SD Standard deviation 
Ser Serine 
SGLT Sodium glucose transporter 
Tau Taurine 
TBI Traumatic brain injury 
TNF-  Tumour necrosis factor-  
Tyr Tyrosine 
U Urine 
WFNS World Federation of Neurological Surgeons 
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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 36,194. The clinical course after spon-
taneous 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 49,73,115,127,164,171. Nevertheless, 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. 
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Background 

Epidemiology 
SAH accounts for 5-11 % of all strokes 4. The incidence of SAH is 5.5 – 14 
/100 000 36,45,141,163. There are regional differences with more than two times 
higher incidence in Finland and Japan 45,141. The incidence is often reported to 
be higher in women, but in a recent review 45 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 226 has been reported but 
increasing incidence with age was found recently 45. 

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 
Hypertension 22,65,106, cigarette smoking 22,65,106,111,144, alcohol abuse 65,111,144 and 
familial preponderance 25,70,192 are known risk factors for SAH. 

Symptoms 
SAH typically presents with acute and severe headache accompanied by nausea 
and vomiting 140. Altered or lost consciousness is common and prolonged un-
consciousness >1 h is seen in 43 % of patients 98. Focal neurological signs de-
velop in approximately one third of patients 226. Signs of meningism as e.g. neck 
stiffness, photophobia and low-grade fever may develop after some hours 226. In 
severe cases a circulatory and respiratory arrest occurs at ictus 105.  
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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 226. 

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) 216 or Glasgow coma 
scale (GCS) 219 (Table 1). The SAH grade is classified according to the World 
Federation of Neurological Surgeons (WFNS) grade 52 (Table 2) and the Hunt 
and Hess (H&H) grade 99 (Table 3) and the distribution of blood on the CT scan 
is classified according to the Fisher scale 66 (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 115,155,156. 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 194. 

Neurointensive Care 

After applying modern principles of neurointensive care, the outcome of SAH 
patients has significantly improved 36. 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 
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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 230,236. 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 46,51,113. It occurs mainly 
from day 4 to 12 and reaches a maximum at day 7 after the haemorrhage 
19,82,126,238. The mortality rate due to vasospasm was 7 % 113. Factors predicting 
DIND are the amount of subarachnoid blood 66, the duration of unconscious-
ness, a poor WFNS 52 grade, intraventricular blood and antifibrinolytic therapy 
92. 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 vasospasm128,148. 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 230 
or an inflammatory mediated process 150,215.  

The calcium antagonist nimodipine is the only drug that has shown to be ef-
fective against DIND i.e. reduce the incidence of poor outcome after SAH 190. 
The effect of nimodipine on delayed cerebral ischemia is, however, not directly 
on the spastic artery 64. Suggested working mechanisms of nimodipine are in-
creased fibrinolytic activity 196

 or effect on cortical spreading ischemia 53. 
Triple H therapy is used to prevent and treat vasospasm, although definite 

evidence for its efficacy is lacking 8,112,132. Balloon angioplasty and intra-arterial 
papaverin or nicardipine are also possible treatments of confirmed vasospasm 
11,132,242. Following 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 148. Intrathecal administration of sodium 
nitroprussid, acting via release of nitric oxide, is an experimental therapy that 
has shown efficacy against vasospasm 1,58,91. 

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 143,173. The pre-hospital mortality was 15-17 % 
23. 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 105. The one-month mortality rate in previous studies was 40-46 % 
4,24,203 and one year mortality rate 48-57 % 12. 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 % 194. 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) 194. 

The hypothalamic-pituitary-adrenal response to SAH 

Normal HPA axis 

Corticotrophin-releasing hormone (CRH) is secreted from the paraventricular 
nucleus in the hypothalamus 27,39. 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 
27,39. Early in the morning and during acute stress the amplitudes of the CRH 
pulses increase 39. The circadian rhythm of cortisol secretion is, via connections 
to the paraventricular nucleus, controlled by the suprachiasmatic nucleus of 
hypothalamus 27. 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 27,71,119. There are individual variations of 
the diurnal rhythm. No diurnal variation of salivary cortisol was found in 10 % 
of healthy individuals 217. 

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 202,232. 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 120,231,240. The 
significance of this hormonal reaction has been recognised for other critical 
illnesses and traumatic injuries 100,117,120,191,202,231 and is 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 84,166,167 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 109. 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 15,61,149 and disturbances in the circadian 
rhythm of S-cortisol were found to predict clinical course and outcome 182. 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 30,124. 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 30. 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 84,166,167. During the period of elevated ICP, 
a platelet plug builds up, fibrin is deposited to strengthen the clot 166 and the 
bleeding is temporarily controlled. Unless the ICP quickly returns to normal, a 
severe ischemic damage occurs 7,125,151. Cerebral autoregulation is impaired 
within minutes of the SAH 13,14,56,108. Acute cerebral vasoconstriction contri-
butes to decreased cerebral blood flow and cerebral ischemia after SAH 
13,14,48,213. Following SAH, complex and interrelated pathways are involved in 
the processes that leads to early brain injury 31. A common outcome of these 
pathways is cell death resulting in blood-brain barrier (BBB) break down or 
directly to neuronal cell death 30,31. 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 
211. 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 208-211. Another pathway 
for calcium to enter the cells is via the glutamate activated N-methyl-D-
aspartate (NMDA) receptor 211. 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 210. 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 210. A low pH in combination with 
ischemia and/or reperfusion enhanced the damaging processes including injury 
induced by free radicals 210,211. 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. 9.  

Inflammation 

The inflammatory response, elicited by red blood cells in the subarachnoid 
space, is probably of importance for the development of early brain injury 87, 
cerebral vasospasm 54 and brain oedema 222 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 54.  

Apoptosis 

The apoptotic “programmed cell death” pathways, e.g. death receptor and TNF–
, 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 30,124,174,241.  

Cerebral oedema 

In clinical studies, early global cerebral oedema was described in 8-28 % of 
SAH patients 40,87. 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 40,114,122,127.  

The early oedema in SAH patients could be a result of the transient cerebral 
circulatory arrest 84 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 30,174. Activation of thrombin in the coagulation cascade 24-48 hours 
after haemorrhage may also contribute to oedema formation 72,222. Rat studies 
indicate that brain oedema may be an early phenomenon with a maximum of 
brain water content 24 hours following SAH 220. Other experimental SAH stud-
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ies show that the BBB damage develops on the second day after the bleeding 
76,77. A disturbed autoregulation response 77 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 
221. Hyperbaric oxygen treatment reduced BBB disruption and brain oedema 
after SAH 32. 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, Ca2+ = 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- = Hypoxia inducible factor 1- , 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- =Transforming growth factor, 
TNF- = Tumour necrosis factor, VEGF= Vascular endothelial growth factor, ZO-1, 2, 
3= Tight junction proteins. 



 17 

  
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 31.  

�������	
 ��� ��
���������
�	������


����� ����� ������
����� ������ ����
���� �� 


��� !"���	�

�#�$�$#�$

#$� 
 %�� ���
��&��

&	��'�������

(� )� 

&*�

##��+ ##��, -(��

...

����� ����	 �	
���

.��� * &/*

01���,�*
1!!�2��� ���2���

� �

��

����!"���	 �

$&�&��
�


�	2����� !	�� �	��"

��

��
��

�3	�����

��
&�
	


�������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������


�������	��� �����������

.���� !��� ��� �	��3���3	

�	�	4��� �
!"	���

�	2��!��	 ��
���������
$!��3��	� &���	�	�


�	�2!	� �.�� ���

%�&�'��

�15

��		 ����!��
 ��2�����	

��

���

�
����

�

%
�&
�'��

1
'��

���3	

��	



('!���
��'�!���

.�' .!� ,

1	�	��

���
	� ���



 18 

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 29,212. 
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 210,211. 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 175,212. 
Glucose transport across the BBB and in astrocytes is mainly mediated by the 
glucose transporter 1 (Glut 1) 21,86. Glut 3 is a neuronal glucose transporter 86. 
Sodium glucose transporter (SGLT) is expressed in neurons 183 and in brain 
endothelial cells (BBB) 59.  

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 
175,212. In 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 175,210. In the absence of glucose, 
metabolism of keton bodies gives acetyl coenzyme A that enters the citric acid 
cycle 175. 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 (NH3
+), 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 218. 
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 218. 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 57. 
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 218. 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 101. Glycine is also described as a co-agonist for 
glutamate 57 and taurine as an osmoregulator 135. 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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Figure 2. Glucose metabolism. 
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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 87, development of vasospasm after SAH 10,123 and 
poor outcome in traumatic brain injury (TBI) and SAH 2,129,142. 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 10. There 
are, however, experimental results indicating that pre-ischemic hyperglycaemia 
aggravates brain damage, possibly by increased extra-and intracellular acidosis 
80,139,188 or increased accumulation of extracellular glutamate 138. 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 225 but this 
could not be confirmed in follow-up studies 5,26. 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 158. Vespa et al 234 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 204.  

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 85 Michaelis-Menten models. In healthy humans, using 1H and 13C 
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 85. A cerebral MD study in conscious, unrestrained 
rats also showed a linear relationship between blood and brain glucose 88. In 
TBI patients, positive correlations between elevated blood glucose and extra-
cellular brain glucose levels were found 50,118. However, in SAH patients it was 
shown that low, as well as high brain glucose concentrations may occur inde-
pendently of blood glucose levels 205. Glucose transport across the blood brain 
barrier is mediated by glucose transport proteins 21. 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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75, 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  
Microdialysis was first introduced in the 1970s 47,224 and has been used in neu-
rosurgery since 1990 95,154 and in neurointensive care monitoring since 1992 178. 
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 

L/min 97,165.  
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 94,97.  

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 97. The relative recovery in vivo can be estimated by varying the perfu-
sion concentration 145 or the perfusion rate 107 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 104,116. 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 97,193. The recovery of the 
CMA/70 catheter with a 10 mm membrane length and the flow rate of 0,3 

L/min for the biochemical variables used as a routine is approximately 70 % 
103. Ideally, 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 16,97. With time, increasing 
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protein adsorption, biofouling (adhesion of biological material) and gliosis 
around the MD probe may cause diffusion problems 43. Bleeding and infection 
following MD implantation are other possible risks. However, earlier studies 
102,181,239 and clinical experience indicate that these problems are uncommon 97. 

The implantation of the MD-probe causes a transient neurochemical pertur-
bation with a normalisation of the dialysate metabolite within about 30 minutes 
63,95,154. Therefore, the first MD sample should be discarded 97. 

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 
94,233. MD-lactate and MD-glutamate were found to be sensitive to impending 
ischemia 162 but MD-LPR is usually considered to be more specific and is ele-
vated in manifest ischemia 60,69,162,179,200. 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 198. MD-
glycerol concentrations are increased in evident ischemia, probably reflecting 
membrane phospholipids degradation 96,162. Critical values of MD-metabolites 
without correction for in vivo recovery, conservatively chosen on the basis of 
published human cerebral MD data 189,207, are shown in Table 8.  

Grading scales 

Level of consciousness: RLS85 

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) 216 and the Glas-
gow coma scale (GCS) motor score 219. * Response to pain stimulation. 
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Neurological grading: WFNS scale 

WFNS GCS (sum score) Motor deficit 

1 15 - 
2 13 to 14 - 
3 13 to 14 + 
4 7 to 12 +/- 
5 3 to 6 +/- 

Table 2. World Federation of Neurological Surgeons (WFNS) 52. 

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 99. 

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 66 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) 110. 
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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 I 

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 40 and the 
amount of blood was graded using the Fisher scale 66. 

Clinical 

At admittance, the level of consciousness was classified according to RLS85 216 
and the clinical grade according to WFNS 52 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 110. 
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 2+ 1.2 mM, 
Mg 2+ 0.9 mM, K + 2.7 mM, Cl – 147 mM) at a rate of 0.3 L/min using a 
microinjection pump (CMA-106, CMA Microdialysis). Urea was monitored for 
validation of probe performance 193.  

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 II  

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 99 and WFNS 52, the amount of the bleeding on 
first CT scan classified by the Fisher scale 66, the presence or absence of global 
cerebral oedema on the first CT scan 40, the aneurysm location, aneurysm treat-
ment method and 6 months Glasgow Outcome Scale (GOS)110 . 

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 194. 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 2 test. A difference was considered statistically significant 
when p <0.05.  

Paper III 

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 216 and the WFNS 
scale 52. The amount of blood on the first CT scan was graded using the Fisher 
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scale 66. The first CT scan was also evaluated for the occurrence of global cere-
bral oedema 40. 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) 110. 

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 
WFNS 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 216 and the clinical 
SAH grade according to the WFNS scale 52. The amount of blood on the first 
CT scan was classified according to the Fisher Scale 66. Outcome was measured 
after 6 months using GOS 110. 

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 -phthaldialdehyde in a CMA/200 (CMA Microdialysis) refrigerated mi-
cro-sampler and gradient separated on a Nucleosil C18 column, 5 m 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 93. 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 103. 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) 59.1 ±9.5   
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

th
: 75

th
)  

WFNS   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   

RLS85 discharge  2 (2: 4) 
1-3 13   
4-8 5   
Dead 1   

Table 7. Clinical characteristics of 19 patients in study V. 25th: 75th = 25th: 75th 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 % 103. 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 189,207, are shown in Table 8. 
 

Analyte Critical value 

Glucose < 1 mmol/L 
LPR > 30 
Lactate > 3.5 mmol/L 
Pyruvate < 120 μmol/L 
Glutamate > 15 μmol/L 
Glycerol > 100 μmol/L 

Table 8. Critical MD values (without correction for in vivo recovery), based on Re-
instrup et al 189 and Schulz et al 207. CMA-70 with 10 mm membrane length and a flow 
rate of 0.3 μL/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 I 

CT 

Thirty-one of the 52 patients showed global cerebral oedema on the first CT 
scan. The median (25th: 75th 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 (25th: 75th 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 (25th: 75th percentile) WFNS grade in the G+ group 4 (4: 4) compared to 
the G- group 3 (2: 4) (p=0.26). The median (25th: 75th 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 (25th: 75th 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+ 

n (%) 
G- 
n (%) 

p 

Presence of unconsciousness 
Duration of unconsciousness 

20 (65) 18 (86) 0.12 
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)  

WFNS   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 

    
RLS85 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). 

 
 

Figure 3. Median concentrations and the 25th: 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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Figure 4. Median concentrations and the 25th: 75th 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) 94. In 2 patients the MD-LPR elevation was the 
result of reduced MD-pyruvate (Type 2) 94. 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 94.  

MD-glucose 

No significant differences between the groups were observed. 
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Paper II  

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 194. 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 

WFNS    
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 194. The clinical condition at admission, according to Hunt 
& Hess and WFNS, 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 55.9 ±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 

WFNS    
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). 

 

 
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 (5)  
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
th

: 75
th

) Median  (25
th

: 75
th

)  

WFNS  4  (1: 4) 3 (1: 4) 0.80 
Fisher  4  (3: 4) 4 (3: 4) 0.23 
RLS85 first 2  (1: 3) 2 (2: 4) 0.35 
RLS85 in 3  (2: 4) 2 (2: 3) 0.88 
RLS85 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. 25th: 75th 
= 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  
SAH 

Cortisol  
(nmol/L) 

(25
th

: 75
th

) ACTH 

(ng/L) 

(25
th

: 75
th

) Correlation  

(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 25th: 75th 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. 25th: 75th = percentiles. 

 

 

 

 

Figure 6. Median (25th: 75th 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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Figure 7. Median (25th: 75th 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 (25th: 75th 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+ (25
th

: 75
th

) G- (25
th

: 75
th

) 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* 
WFNS 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 25th: 75th 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. 25th: 75th = 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 8A+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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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 5 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
th

: 75
th

 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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B. Reversed diurnal variation
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C. Postoperative peak
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D. Depressed ACTH
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Figure 9. Median (25th: 75th 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
th

: 75
th

) 

RLS85  3 (2: 5) 
1 1  
2 4  
3 6  
4 1  
5 5  
6 1  
8 1  

WFNS 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 8  

GOS  3 (1: 4) 
1 5  
3 5  
4 7  
5 2  

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

ANOVA  
WC  
36-60h  

WC  
60-84h  

WC  
84-108h  

WC  
108-132h  

Non-Transmitters      
Alanine (Ala)   ns ns   
Aspargine (Asn)       
Glutamine (Gln)  ns ns   
Isoleucine (Ile)      
Leucine (Leu)      
Phenylalanine (Phe)  ns ns   
Serine (Ser)  ns ns   
Tyrosine (Tyr)  ns ns   
Neuromodulators      
Glycine (Gly)  ns   ns 
Taurine (Tau) ns - - - - 
Excitatory       
Aspartate (Asp) ns - - - - 
Glutamate (Glu) ns - - - - 
Energy metabolites      
Lactate  ns - - - - 
Glucose  ns - - - - 
Pyruvate  ns   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,  = 
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 M, 
which is almost twice as high compared to the unconscious group, 102-131 M. 
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 120 hours after SAH for Ala, Ile, Leu, Phe, Gly, Tau and pyruvate and at 132 
hours after SAH for Ala, Leu, Tau and pyruvate.  

 
 
Time after SAH 

(h) 
MD-pyruvate conscious 

( M) 
MD-pyruvate unconscious 

( M) 

84 159  
(114: 219) 

105  
(98: 129) 

96 * 173 
(121: 203) 

102  
(101: 155) 

108 * 195 
(151: 232) 

106 
(96: 163) 

120 * 196 
(156: 246) 

123 
(106: 143) 

132 * 183 
(167: 237) 

131  
(120: 170) 

Table 19. Median concentrations (25th: 75th percentiles) of MD-pyruvate in conscious 
and unconscious patients. * Significant difference. 
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Figure 11. Median concentrations and the 25th: 75th 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. 

 
 

 
 

 

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.  
 

 
 

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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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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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 mol/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. 

 
 

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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Figure 17A. Median values and 25th: 75th percentiles of MD-glutamate. MD-glutamate 
was significantly* higher day 1 compared to day 2-7. 17B. Median values and 25th: 75th 
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 μmol/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 μmol/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 

insulin  

 

(±SD) 

After  

insulin 

 

(±SD) 

Change 

(%) 

p 

 
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) -21 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 114

 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 40,122,127

 

were collected later, but still only 8 % 40 and 3.5 % 122
 were recorded as having 

global cerebral oedema and 7 % 127 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 % 87. The high incidence of global cerebral oedema in SAH patients in our 
material is supported by a recent publication 201 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 % 40,114,122 of the patients had their first CT 
scan within 24 hours of the bleeding, but the range could be up to 30 days 127. In 
Hanafy’s study, the time to the first CT after the SAH was not reported 87. 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 28,180. 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 30). Since we observed the oedema very early after SAH, it could be of 
another type than the oedema recorded in the other studies 40,114,122,127, 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+III). 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 40,114,122,127.  

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 40,122,127. Comparison is 
difficult since different scales (Modified Ranking scale 40 GOS 127) and a com-
bination of neuropsychiatric tests 122 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 36. 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. 



 65 

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 35, 
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 202. An associa-
tion between the development of delayed oedema and the use of vasopressors 
was previously observed 40. 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 44,130,131,206 and 
glucose metabolism in astrocytes 79. Astrocytes take up glucose and release 
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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 
15,149,160,182. Our 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 159,197. 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 237. 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 6,83.  

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 15. In the subgroup of 20 patients, higher U-cortisol 
excretion day 1 – 7 was related to better neurological status scored with the 
WFNS 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 37. In-
creased levels of cortisol were recently reported for patients who developed 
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cerebral vasospasm after SAH 229. 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 109,117,176,202. In a 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 182. 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 6. 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 6 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 207 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) 35 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 198.  

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 137,153. 

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 55 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 20 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 172 but another study showed increased MD-LPR, 
MD-glutamate and MD-glycerol in propofol treated animals 42. 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 189. 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 218. 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 62,187. 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 Gln, the normal concentrations of amino acids are 6-10 times 
higher in plasma than in the cerebral interstitial compartment 168,169. The transfer 
of amino acids out of CNS is thus against a concentration gradient and requires 
energy 89. 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 50,118. 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 205. 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 68.  

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 67. 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) 21,86. Glut 3 is the neuronal glucose transporter 86. 
Sodium glucose transporter (SGLT) is another glucose transporter expressed in 
neurons 183 and brain artery endothelial cells (BBB) 59. 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 74,133,152,227,228. In 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 185,214 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, 90 and an intensive glycaemic 
control (glucose level 4.4/5.0-6.7 mmol/L) 170,234, 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 204 indicating a 
possible direct effect of insulin on brain glucose metabolism 146.  

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 15,160 (+ 
paper III) and an acute peripheral insulin resistance 33,161 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 170,235 and 
SAH 205, 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 38,121 as well as from the 
adrenal glands 41,134. A decrease of P-ACTH was described during anaesthesia 
with fentanyl 186 and diazepam 3, 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 94,97. 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 199. 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 94,97.  

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 16,17,81,95,154,195,207. Accordingly, 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 97. 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 42,172, see discus-
sion above. In a study by Reinstrup et al 189, 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 på 
svenska 

Förloppet och utgången efter subarachnoidalblödning (SAB) varierar avsevärt 
mellan olika patienter. Av stor betydelse för hjärnans känslighet i den akuta 
fasen, och därmed av vikt för patientens återhämtningsförmåga, är sannolikt 
graden av primär hjärnskada samt hur hjärnans energibalans utvecklas den när-
maste tiden efter blödningen. Målet med denna avhandling är att studera hur 
faktorer som återspeglar svårigheten av den primära hjärnskadan påverkar det 
fortsatta förloppet samt att få en ökad kunskap om förändringar i hjärnans ener-
gibalans i samband med SAB.  

 
I samband med en subarachnoidalblödning utsätts hjärnan för en kraftig syre-
brist och nedsatt blodcirkulation. Därpå kan det uppstå en omfattande svullnad i 
hjärnan, generellt hjärnödem. I studie II, med 191 SAB patienter, var förekoms-
ten av generellt hjärnödem på den första datortomografin 57 %, vilket är en 
högre frekvens jämfört med tidigare studier. Patienter med generellt hjärnödem 
kom tidigare till diagnos (median 2.5 timmar efter SAB) jämfört med patienter 
utan hjärnödem (median 3.4 timmar). I studie II och III (55 SAB patienter) var 
hjärnödem associerat med en lägre medvetandegrad vid ankomsten till neuroki-
rurgisk klinik samt en allvarligare SAB, vilket sannolikt återspeglar en svårare 
primär hjärnskada hos patienter med generellt hjärnödem. Dessutom uppvisade 
patienter med generellt hjärnödem högre nivåer av cortisol i serum dagen för 
blödningen, vilket kan tyda på ett samband mellan förekomst av hjärnödem 
samt den stressrektion som aktiverades vid blödningen. I studie I, med 52 SAB 
patienter, var generellt hjärnödem associerat med högre mikrodialys nivåer av 
laktat och pyruvat i hjärnan, vilket kan indikera att hjärnmetabolismen var upp-
skruvad, så kallad hyperglykolys. Förekomst av hyperglykolys, då metabolis-
men i hjärnan går på högvarv, kan inneböra att hjärnans reserver redan är utnytt-
jade och det föreligger då en större risk för energibrist vid händelser som inne-
bär en ökad energiåtgång i hjärnan, till exempel feber eller kramper. Patienter 
med generellt hjärnödem i studie I hade en tendens till sämre utgång jämfört 
med patienter utan hjärnödem, men denna tendens kunde inte återfinnas i studie 
II och III. 
 
I studie III utvärderades aktiveringen av hypofysen (ACTH) och binjurebarken 
(cortisol) i samband med SAB. En adekvat stressreaktion i samband med ökade 
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påfrestningar, såsom en livshotande hjärnblödning, är väsentligt för att kunna 
överleva och för att upprätthålla balansen i kroppens olika system. Både ACTH 
i plasma och cortisol i serum var kraftigt förhöjda dagen för blödningen och 
minskade sedan snabbt. Patienter som hade en mindre allvarlig SAB uppvisade 
högre cortisolutsöndring i urinen. Detta tolkar vi som att dessa patienter hade en 
tillräckligt stark reaktion på stressen i samband med hjärnblödningen. Som be-
skrivits ovan hade patienter med generellt hjärnödem och allvarligare grad av 
SAB tecken på en mer uttalad stressreaktion med ökad halt av cortisol i serum 
dagen för blödningen. Alla patienter uppvisade en dygnsvariation av cortisol, 
men speciellt hos patienter som vårdades i respirator var det vanligt med en 
omvänd dygnsrytm. Längre perioder med nedtryckta nivåer av ACTH i plasma 
var vanligt förekommande hos patienter som utvecklade tecken på syrebrist i 
hjärnan, så kallad vasospasm. Detta är ett nytt fynd som bör undersökas vidare. 
 
I arbete V, en mikrodialysstudie med 19 SAB patienter, visades att nivåerna av 
glukos i hjärnan var höga och nivåerna av energimetaboliten pyruvat kritiskt 
låga tidigt efter blödningen. Under loppet av den första veckan sjönk nivåerna 
av glukos medan pyruvat och laktat successivt ökade. Detta mönster kan tyda på 
att hjärnmetabolismen var uppskruvad (hyperglykolys) kanske för att kunna 
möta det ökade energibehovet till följd av ett intensifierat reparationsarbete i 
hjärnan. I studie IV (19 patienter) undersöktes med mikrodialys hur nivåerna av 
olika aminosyror i hjärnan förändrades över tid. Det framkom att alla aminosy-
ror ökade tydligt efter ca 3 dagar. Ökningen av aminosyrorna skedde parallellt 
med en ökning av pyruvat nivåerna. Halterna av såväl pyruvat som aminosyror 
ökade mer hos patienter som var vakna vid ankomsten till neurokirurgisk klinik 
jämfört med patienter som var medvetslösa. Hos de medvetslösa patienterna 
förblev nivåerna av pyruvat låga medan de normaliserades hos de vakna patien-
terna. Detta kan innebära att energisituationen i hjärnan var sämre hos de pati-
enter som hade en allvarligare grad av SAB och att reparationsprocesserna i 
hjärnan därmed riskerade att hämmas. 
 
I arbete V utvärderades effekten på hjärnans metabolism av insulininjektion vid 
blodsocker över 10 mmol/L. Efter injektion av insulin sågs en sänkning av glu-
kos och pyruvat i hjärnan, trots att sänkningen av blodsockret var måttlig och 
blodsockernivån låg över 6 mmol/L. För att inte äventyra hjärnans energiför-
sörjning bör insulin ges med stor försiktighet, och helst med övervakning av 
hjärnmetabolismen, till patienter i den akuta fasen efter SAB.  

 



 78 

Acknowledgements 

With time, the work with this thesis became a pleasure. I wish to thank: 
 

Elisabeth Ronne-Engström, my supervisor. For transferring the joy of research 
and for all support and time spent on the manuscripts. For your never ending 
enthusiasm, optimism and believe in our “superpek” and for special calls to 
Duncan. Also for being a model, as a strong and skilled neurosurgeon, who 
cares about people around you. 
 
Torbjörn Karlsson, my co-supervisor. For providing me with important under-
standing about anaesthetics, statistics, levels and amino acids. Although often at 
a distant your presence was really important. Your comments in the manuscripts 
always made me in a good mood!  
 
Lars Hillered, you are an excellent professional! I am thankful to you for shar-
ing your profound knowledge about neuroscience, brain metabolism and micro-
dialysis and for your interest in and encouragement of my work. Your magic 
touch added “the extra” to the manuscripts. 
 
My co-authors Lena Hallberg, Britt Edén Engström and Carolina Samuelsson. 
 
Per Enblad for good advices and critical reviewing of the manuscripts.  
 
Inger Ståhl-Myllyaho for help with everything concerning MD and for running 
numerous analyses.  
 
Nils Wesslén for allowing me time for research. 
 
Lennart Persson for inviting me to neurosurgery. 
 
All my colleagues at the Neurosurgical department in Uppsala who remembered 
to call me and put the microdialysis catheters. 
 
Maude Karlsdotter and Gun Schönnings for administrative help and guiding in 
the academic jungle. 
 
Mathilde Hedlund for good discussions during the process. 



 79 

Kristin Elf for your experienced advises, lunches and “fika” with our children 
and invaluable encouragement when needed. 
 
Kristina Giuliana Cesarini for friendship, nice holidays and your generous per-
sonality.  

 
Ingrid Ohlsson-Lindblom and Bengt Gustavsson for you always encouraged me 
to take time to do my research, although you get more work to do.  

 
My parents Linnea and Rolf for providing me with confidence and believe in 
my own capacity and for always being there for my family and me.  
 
My sister Carin and my brother Pelle with family for moral support. 
 
My parents in law Gunilla and Dag for taking care of Ludvig and Mikael when-
ever needed. 
 
My beloved family, the three boys in my life. Niklas for love and support and 
working there opposite me. For your deep commitment to science and discus-
sions about research and your ability to grasp the medical field, although out-
side your own. Ludvig my dear “gryn”. During the time with this work you 
have grown to such a humorous and clever boy. You make me so happy and 
thankful! Mikael for your discrete amicable nature and kindness towards me. 
You are a very sensible, creative and wise boy who fills my life with joy.  
 



 80 

References 

1. Agrawal A, Patir R, Kato Y, Chopra S, Sano H, Kanno T: Role of 
intraventricular sodium nitroprusside in vasospasm secondary to 
aneurysmal subarachnoid haemorrhage: a 5-year prospective study with 
review of the literature. Minim Invasive Neurosurg 52:5-8, 2009 

2. Alberti O, Becker R, Benes L, Wallenfang T, Bertalanffy H: Initial 
hyperglycemia as an indicator of severity of the ictus in poor-grade 
patients with spontaneous subarachnoid hemorrhage. Clin Neurol 
Neurosurg 102:78-83, 2000 

3. Amado JA, Diago MC: Delayed ACTH response to human 
corticotropin releasing hormone during cardiopulmonary bypass under 
diazepam-high dose fentanyl anaesthesia. Anaesthesia 49:300-303, 
1994 

4. Appelros P, Nydevik I, Seiger A, Terent A: High incidence rates of 
stroke in Orebro, Sweden: Further support for regional incidence 
differences within Scandinavia. Cerebrovasc Dis 14:161-168, 2002 

5. Arabi YM, Dabbagh OC, Tamim HM, Al-Shimemeri AA, Memish ZA, 
Haddad SH, et al: Intensive versus conventional insulin therapy: A 
randomized controlled trial in medical and surgical critically ill patients. 
Crit Care Med 36:3190-3197, 2008 

6. Arafah BM: Hypothalamic pituitary adrenal function during critical 
illness: limitations of current assessment methods. J Clin Endocrinol 
Metab 91:3725-3745, 2006 

7. Asano T, Sano K: Pathogenetic role of no-reflow phenomenon in 
experimental subarachnoid hemorrhage in dogs. J Neurosurg 46:454-
466, 1977 

8. Awad IA, Carter LP, Spetzler RF, Medina M, Williams FC, Jr.: Clinical 
vasospasm after subarachnoid hemorrhage: response to hypervolemic 
hemodilution and arterial hypertension. Stroke 18:365-372, 1987 

9. Ayer RE, Zhang JH: Oxidative stress in subarachnoid haemorrhage: 
significance in acute brain injury and vasospasm. Acta Neurochir 
Suppl 104:33-41, 2008 

10. Badjatia N, Topcuoglu MA, Buonanno FS, Smith EE, Nogueira RG, 
Rordorf GA, et al: Relationship between hyperglycemia and 
symptomatic vasospasm after subarachnoid hemorrhage. Crit Care 
Med 33:1603-1609; quiz 1623, 2005 

11. Badjatia N, Topcuoglu MA, Pryor JC, Rabinov JD, Ogilvy CS, Carter 
BS, et al: Preliminary experience with intra-arterial nicardipine as a 
treatment for cerebral vasospasm. AJNR Am J Neuroradiol 25:819-
826, 2004 



 81 

12. Bamford J, Sandercock P, Dennis M, Burn J, Warlow C: A prospective 
study of acute cerebrovascular disease in the community: the 
Oxfordshire Community Stroke Project--1981-86. 2. Incidence, case 
fatality rates and overall outcome at one year of cerebral infarction, 
primary intracerebral and subarachnoid haemorrhage. J Neurol 
Neurosurg Psychiatry 53:16-22, 1990 

13. Bederson JB, Germano IM, Guarino L: Cortical blood flow and cerebral 
perfusion pressure in a new noncraniotomy model of subarachnoid 
hemorrhage in the rat. Stroke 26:1086-1091; discussion 1091-1082, 
1995 

14. Bederson JB, Levy AL, Ding WH, Kahn R, DiPerna CA, Jenkins AL, 
3rd, et al: Acute vasoconstriction after subarachnoid hemorrhage. 
Neurosurgery 42:352-360; discussion 360-352, 1998 

15. Bendel S, Koivisto T, Ruokonen E, Rinne J, Romppanen J, Vauhkonen 
I, et al: Pituitary-adrenal function in patients with acute subarachnoid 
haemorrhage: a prospective cohort study. Crit Care 12:R126, 2008 

16. Benveniste H: Brain microdialysis. J Neurochem 52:1667-1679, 1989 
17. Benveniste H, Drejer J, Schousboe A, Diemer NH: Regional cerebral 

glucose phosphorylation and blood flow after insertion of a 
microdialysis fiber through the dorsal hippocampus in the rat. J 
Neurochem 49:729-734, 1987 

18. Bergersen LH: Is lactate food for neurons? Comparison of 
monocarboxylate transporter subtypes in brain and muscle. 
Neuroscience 145:11-19, 2007 

19. Bergvall U, Galera R: Time relationship between subarachnoid 
haemorrhage, arterial spasm, changes in cerebral circulation and 
posthaemorrhagic hydrocephalus. Acta Radiol Diagn (Stockh) 9:229-
237, 1969 

20. Bielicki L, Krieglstein: Inhibition of glucose phosphorylation in rat 
brain by thiopental. Naunyn Schmiedebergs Arch Pharmacol 293:25-
29, 1976 

21. Boado RJ, Pardridge WM: The brain-type glucose transporter mRNA is 
specifically expressed at the blood-brain barrier. Biochem Biophys Res 
Commun 166:174-179, 1990 

22. Bonita R: Cigarette smoking, hypertension and the risk of subarachnoid 
hemorrhage: a population-based case-control study. Stroke 17:831-835, 
1986 

23. Bonita R, Thomson S: Subarachnoid hemorrhage: epidemiology, 
diagnosis, management, and outcome. Stroke 16:591-594, 1985 

24. Broderick JP, Brott TG, Duldner JE, Tomsick T, Leach A: Initial and 
recurrent bleeding are the major causes of death following subarachnoid 
hemorrhage. Stroke 25:1342-1347, 1994 

25. Bromberg JE, Rinkel GJ, Algra A, Greebe P, van Duyn CM, Hasan D, 
et al: Subarachnoid haemorrhage in first and second degree relatives of 
patients with subarachnoid haemorrhage. Bmj 311:288-289, 1995 



 82 

26. Brunkhorst FM, Engel C, Bloos F, Meier-Hellmann A, Ragaller M, 
Weiler N, et al: Intensive insulin therapy and pentastarch resuscitation 
in severe sepsis. N Engl J Med 358:125-139, 2008 

27. Buckley TM, Schatzberg AF: On the interactions of the hypothalamic-
pituitary-adrenal (HPA) axis and sleep: normal HPA axis activity and 
circadian rhythm, exemplary sleep disorders. J Clin Endocrinol Metab 
90:3106-3114, 2005 

28. Busch E, Beaulieu C, de Crespigny A, Moseley ME: Diffusion MR 
imaging during acute subarachnoid hemorrhage in rats. Stroke 
29:2155-2161, 1998 

29. Byrne JH, Roberts JL: From molecules to networks: an introduction to 
cellular and molecular neuroscience, in: Amsterdam; Boston: Elsevier 
Academic Press, 2004, pp 67-68 

30. Cahill J, Calvert JW, Zhang JH: Mechanisms of early brain injury after 
subarachnoid hemorrhage. J Cereb Blood Flow Metab 26:1341-1353, 
2006 

31. Cahill J, Zhang JH: Subarachnoid hemorrhage: is it time for a new 
direction? Stroke 40:S86-87, 2009 

32. Calvert JW, Cahill J, Yamaguchi-Okada M, Zhang JH: Oxygen 
treatment after experimental hypoxia-ischemia in neonatal rats alters the 
expression of HIF-1alpha and its downstream target genes. J Appl 
Physiol 101:853-865, 2006 

33. Carter EA: Insulin resistance in burns and trauma. Nutr Rev 56:S170-
176, 1998 

34. Catania A, Lonati C, Sordi A, Gatti S: Detrimental consequences of 
brain injury on peripheral cells. Brain Behav Immun 23:877-884, 
2009 

35. Cesarini KG, Enblad P, Ronne-Engstrom E, Marklund N, Salci K, 
Nilsson P, et al: Early cerebral hyperglycolysis after subarachnoid 
haemorrhage correlates with favourable outcome. Acta Neurochir 
(Wien) 144:1121-1131, 2002 

36. Cesarini KG, Hardemark HG, Persson L: Improved survival after 
aneurysmal subarachnoid hemorrhage: review of case management 
during a 12-year period. J Neurosurg 90:664-672, 1999 

37. Chernow B, Alexander HR, Smallridge RC, Thompson WR, Cook D, 
Beardsley D, et al: Hormonal responses to graded surgical stress. Arch 
Intern Med 147:1273-1278, 1987 

38. Childs GV, Marchetti C, Brown AM: Involvement of sodium channels 
and two types of calcium channels in the regulation of 
adrenocorticotropin release. Endocrinology 120:2059-2069, 1987 

39. Chrousos GP: The hypothalamic-pituitary-adrenal axis and immune-
mediated inflammation. N Engl J Med 332:1351-1362, 1995 

40. Claassen J, Carhuapoma JR, Kreiter KT, Du EY, Connolly ES, Mayer 
SA: Global cerebral edema after subarachnoid hemorrhage: frequency, 
predictors, and impact on outcome. Stroke 33:1225-1232, 2002 



 83 

41. Costa G, Saija A, Caputi AP: Effect of nimodipine, a new calcium 
antagonist, on ACTH and corticosterone release "in vivo" and "in 
vitro". Res Commun Chem Pathol Pharmacol 41:355-367, 1983 

42. Dahlbacka S, Makela J, Kaakinen T, Alaoja H, Heikkinen J, Laurila P, 
et al: Propofol is associated with impaired brain metabolism during 
hypothermic circulatory arrest: an experimental microdialysis study. 
Heart Surg Forum 9:E710-718; discussion E718, 2006 

43. Dahlin AP, Wetterhall M, Caldwell KD, Larsson A, Bergquist J, 
Hillered L, et al: Methodological aspects on microdialysis protein 
sampling and quantification in biological fluids: an in vitro study on 
human ventricular CSF. Anal Chem 82:4376-4385 

44. Dalsgaard MK, Ogoh S, Dawson EA, Yoshiga CC, Quistorff B, Secher 
NH: Cerebral carbohydrate cost of physical exertion in humans. Am J 
Physiol Regul Integr Comp Physiol 287:R534-540, 2004 

45. de Rooij NK, Linn FH, van der Plas JA, Algra A, Rinkel GJ: Incidence 
of subarachnoid haemorrhage: a systematic review with emphasis on 
region, age, gender and time trends. J Neurol Neurosurg Psychiatry 
78:1365-1372, 2007 

46. Dehdashti AR, Mermillod B, Rufenacht DA, Reverdin A, de Tribolet 
N: Does treatment modality of intracranial ruptured aneurysms 
influence the incidence of cerebral vasospasm and clinical outcome? 
Cerebrovasc Dis 17:53-60, 2004 

47. Delgado JM, DeFeudis FV, Roth RH, Ryugo DK, Mitruka BM: 
Dialytrode for long term intracerebral perfusion in awake monkeys. 
Arch Int Pharmacodyn Ther 198:9-21, 1972 

48. Delgado TJ, Brismar J, Svendgaard NA: Subarachnoid haemorrhage in 
the rat: angiography and fluorescence microscopy of the major cerebral 
arteries. Stroke 16:595-602, 1985 

49. Deruty R, Pelissou-Guyotat I, Mottolese C, Amat D, Bognar L: Level 
of consciousness and age as prognostic factors in aneurysmal SAH. 
Acta Neurochir (Wien) 132:1-8, 1995 

50. Diaz-Parejo P, Stahl N, Xu W, Reinstrup P, Ungerstedt U, Nordstrom 
CH: Cerebral energy metabolism during transient hyperglycemia in 
patients with severe brain trauma. Intensive Care Med 29:544-550, 
2003 

51. Dorsch NW: Cerebral arterial spasm--a clinical review. Br J 
Neurosurg 9:403-412, 1995 

52. Drake G: Report of World Federation of Neurological Surgeons 
Committee on a Universal Subarachnoid Hemorrhage Grading Scale. J. 
Neurosurg. 68:985-086, 1988 

53. Dreier JP, Ebert N, Priller J, Megow D, Lindauer U, Klee R, et al: 
Products of hemolysis in the subarachnoid space inducing spreading 
ischemia in the cortex and focal necrosis in rats: a model for delayed 
ischemic neurological deficits after subarachnoid hemorrhage? J 
Neurosurg 93:658-666, 2000 



 84 

54. Dumont AS, Dumont RJ, Chow MM, Lin CL, Calisaneller T, Ley KF, 
et al: Cerebral vasospasm after subarachnoid hemorrhage: putative role 
of inflammation. Neurosurgery 53:123-133; discussion 133-125, 2003 

55. Dusick JR, Glenn TC, Lee WN, Vespa PM, Kelly DF, Lee SM, et al: 
Increased pentose phosphate pathway flux after clinical traumatic brain 
injury: a [1,2-13C2]glucose labeling study in humans. J Cereb Blood 
Flow Metab 27:1593-1602, 2007 

56. Ebel H, Rust DS, Leschinger A, Ehresmann N, Kranz A, Hoffmann O, 
et al: Vasomotion, regional cerebral blood flow and intracranial 
pressure after induced subarachnoid haemorrhage in rats. Zentralbl 
Neurochir 57:150-155, 1996 

57. Edvinsson K: Cerebral blood flow and metabolism, ed Second. 
Philadelphia: Lippinicott Williams and Wilkins, 2002 pp 140-171, 423-
451 

58. Egemen N, Turker RK, Sanlidilek U, Zorlutuna A, Bilgic S, Baskaya 
M, et al: The effect of intrathecal sodium nitroprusside on severe 
chronic vasospasm. Neurol Res 15:310-315, 1993 

59. Elfeber K, Kohler A, Lutzenburg M, Osswald C, Galla HJ, Witte OW, 
et al: Localization of the Na+-D-glucose cotransporter SGLT1 in the 
blood-brain barrier. Histochem Cell Biol 121:201-207, 2004 

60. Enblad P, Valtysson J, Andersson J, Lilja A, Valind S, Antoni G, et al: 
Simultaneous intracerebral microdialysis and positron emission 
tomography in the detection of ischemia in patients with subarachnoid 
hemorrhage. J Cereb Blood Flow Metab 16:637-644, 1996 

61. Espiner EA, Leikis R, Ferch RD, MacFarlane MR, Bonkowski JA, 
Frampton CM, et al: The neuro-cardio-endocrine response to acute 
subarachnoid haemorrhage. Clin Endocrinol (Oxf) 56:629-635, 2002 

62. Fawcett JW, Asher RA: The glial scar and central nervous system 
repair. Brain Res Bull 49:377-391, 1999 

63. Fedele E, Mazzone P, Stefani A, Bassi A, Ansaldo MA, Raiteri M, et 
al: Microdialysis in Parkinsonian patient basal ganglia: acute 
apomorphine-induced clinical and electrophysiological effects not 
paralleled by changes in the release of neuroactive amino acids. Exp 
Neurol 167:356-365, 2001 

64. Feigin VL, Rinkel GJ, Algra A, Vermeulen M, van Gijn J: Calcium 
antagonists in patients with aneurysmal subarachnoid hemorrhage: a 
systematic review. Neurology 50:876-883, 1998 

65. Feigin VL, Rinkel GJ, Lawes CM, Algra A, Bennett DA, van Gijn J, et 
al: Risk factors for subarachnoid hemorrhage: an updated systematic 
review of epidemiological studies. Stroke 36:2773-2780, 2005 

66. Fisher CM, Kistler JP, Davis JM: Relation of cerebral vasospasm to 
subarachnoid hemorrhage visualized by computerized tomographic 
scanning. Neurosurgery 6:1-9, 1980 

67. Fishman R: Cerebrospinal fluid in diseases of the nervous sytem, in 
Cerebrospinal fluid in diseases of the nervous sytem, ed 2nd ed. 
Philadelphia: WB Saunders, 1992, pp 217-221 



 85 

68. Frykholm P, Hillered L, Langstrom B, Persson L, Valtysson J, Enblad 
P: Relationship between cerebral blood flow and oxygen metabolism, 
and extracellular glucose and lactate concentrations during middle 
cerebral artery occlusion and reperfusion: a microdialysis and positron 
emission tomography study in nonhuman primates. J Neurosurg 
102:1076-1084, 2005 

69. Frykholm P, Hillered L, Langstrom B, Persson L, Valtysson J, 
Watanabe Y, et al: Increase of interstitial glycerol reflects the degree of 
ischaemic brain damage: a PET and microdialysis study in a middle 
cerebral artery occlusion-reperfusion primate model. J Neurol 
Neurosurg Psychiatry 71:455-461, 2001 

70. Gaist D, Vaeth M, Tsiropoulos I, Christensen K, Corder E, Olsen J, et 
al: Risk of subarachnoid haemorrhage in first degree relatives of 
patients with subarachnoid haemorrhage: follow up study based on 
national registries in Denmark. Bmj 320:141-145, 2000 

71. Gavrila A, Peng CK, Chan JL, Mietus JE, Goldberger AL, Mantzoros 
CS: Diurnal and ultradian dynamics of serum adiponectin in healthy 
men: comparison with leptin, circulating soluble leptin receptor, and 
cortisol patterns. J Clin Endocrinol Metab 88:2838-2843, 2003 

72. Gebel JM, Brott TG, Sila CA, Tomsick TA, Jauch E, Salisbury S, et al: 
Decreased perihematomal edema in thrombolysis-related intracerebral 
hemorrhage compared with spontaneous intracerebral hemorrhage. 
Stroke 31:596-600, 2000 

73. Gerber CJ, Lang DA, Neil-Dwyer G, Smith PW: A simple scoring 
system for accurate prediction of outcome within four days of a 
subarachnoid haemorrhage. Acta Neurochir (Wien) 122:11-22, 1993 

74. Gerhart DZ, Leino RL, Taylor WE, Borson ND, Drewes LR: GLUT1 
and GLUT3 gene expression in gerbil brain following brief ischemia: 
an in situ hybridization study. Brain Res Mol Brain Res 25:313-322, 
1994 

75. Germano A, d'Avella D, Cicciarello R, Hayes RL, Tomasello F: Blood-
brain barrier permeability changes after experimental subarachnoid 
hemorrhage. Neurosurgery 30:882-886, 1992 

76. Germano A, d'Avella D, Imperatore C, Caruso G, Tomasello F: Time-
course of blood-brain barrier permeability changes after experimental 
subarachnoid haemorrhage. Acta Neurochir (Wien) 142:575-580; 
discussion 580-571, 2000 

77. Germanò AF TF: Blood-Brain Barrier Permeabilty Changes after 
Subarachnoid Haemorrhage: An Update. Clinical implications, 
Experimental findings, Challenges and Future directions.: Springer-
Verlag, Wien, 2001 

78. Germanson TP, Lanzino G, Kongable GL, Torner JC, Kassell NF: Risk 
classification after aneurysmal subarachnoid hemorrhage. Surg Neurol 
49:155-163, 1998 

79. Gibbs ME, Hutchinson DS, Summers RJ: Role of beta-adrenoceptors in 
memory consolidation: beta3-adrenoceptors act on glucose uptake and 



 86 

beta2-adrenoceptors on glycogenolysis. Neuropsychopharmacology 
33:2384-2397, 2008 

80. Ginsberg MD, Welsh FA, Budd WW: Deleterious effect of glucose 
pretreatment on recovery from diffuse cerebral ischemia in the cat. I. 
Local cerebral blood flow and glucose utilization. Stroke 11:347-354, 
1980 

81. Goldsmith JD, Kujawa SG, McLaren JD, Bledsoe SC, Jr.: In vivo 
release of neuroactive amino acids from the inferior colliculus of the 
guinea pig using brain microdialysis. Hear Res 83:80-88, 1995 

82. Graf CJ, Nibbelink DW: Cooperative study of intracranial aneurysms 
and subarachnoid hemorrhage. Report on a randomized treatment study. 
3. Intracranial surgery. Stroke 5:557-601, 1974 

83. Groeneveld AB, Beishuizen A, Molenaar N: Hypothalamo-pituitary-
adrenal axis activity after intracranial catastrophies: what is enough? 
Crit Care 13:103, 2009 

84. Grote E, Hassler W: The critical first minutes after subarachnoid 
hemorrhage. Neurosurgery 22:654-661, 1988 

85. Gruetter R, Ugurbil K, Seaquist ER: Steady-state cerebral glucose 
concentrations and transport in the human brain. J Neurochem 70:397-
408, 1998 

86. Guo X, Geng M, Du G: Glucose transporter 1, distribution in the brain 
and in neural disorders: its relationship with transport of neuroactive 
drugs through the blood-brain barrier. Biochem Genet 43:175-187, 
2005 

87. Hanafy KA, Morgan Stuart R, Fernandez L, Schmidt JM, Claassen J, 
Lee K, et al: Cerebral inflammatory response and predictors of 
admission clinical grade after aneurysmal subarachnoid hemorrhage. J 
Clin Neurosci 17:22-25 

88. Harada M, Sawa T, Okuda C, Matsuda T, Tanaka Y: Effects of glucose 
load on brain extracellular lactate concentration in conscious rats using 
a microdialysis technique. Horm Metab Res 25:560-563, 1993 

89. Hargreaves KM, Pardridge WM: Neutral amino acid transport at the 
human blood-brain barrier. J Biol Chem 263:19392-19397, 1988 

90. Helbok R, Schmidt JM, Kurtz P, Hanafy KA, Fernandez L, Stuart RM, 
et al: Systemic glucose and brain energy metabolism after subarachnoid 
hemorrhage. Neurocrit Care 12:317-323, 2010 

91. Heros RC, Zervas NT, Lavyne MH, Pickren KS: Reversal of 
experimental cerebral vasospasm by intravenous nitroprusside therapy. 
Surg Neurol 6:227-229, 1976 

92. Hijdra A, van Gijn J, Nagelkerke NJ, Vermeulen M, van Crevel H: 
Prediction of delayed cerebral ischemia, rebleeding, and outcome after 
aneurysmal subarachnoid hemorrhage. Stroke 19:1250-1256, 1988 

93. Hillered L, Hallstrom A, Segersvard S, Persson L, Ungerstedt U: 
Dynamics of extracellular metabolites in the striatum after middle 
cerebral artery occlusion in the rat monitored by intracerebral 
microdialysis. J Cereb Blood Flow Metab 9:607-616, 1989 



 87 

94. Hillered L, Persson L, Nilsson P, Ronne-Engstrom E, Enblad P: 
Continuous monitoring of cerebral metabolism in traumatic brain 
injury: a focus on cerebral microdialysis. Curr Opin Crit Care 
12:112-118, 2006 

95. Hillered L, Persson L, Ponten U, Ungerstedt U: Neurometabolic 
monitoring of the ischaemic human brain using microdialysis. Acta 
Neurochir (Wien) 102:91-97, 1990 

96. Hillered L, Valtysson J, Enblad P, Persson L: Interstitial glycerol as a 
marker for membrane phospholipid degradation in the acutely injured 
human brain. J Neurol Neurosurg Psychiatry 64:486-491, 1998 

97. Hillered L, Vespa PM, Hovda DA: Translational neurochemical 
research in acute human brain injury: the current status and potential 
future for cerebral microdialysis. J Neurotrauma 22:3-41, 2005 

98. Hop JW, Rinkel GJ, Algra A, van Gijn J: Initial loss of consciousness 
and risk of delayed cerebral ischemia after aneurysmal subarachnoid 
hemorrhage. Stroke 30:2268-2271, 1999 

99. Hunt WE, Hess RM: Surgical risk as related to time of intervention in 
the repair of intracranial aneurysms. J Neurosurg 28:14-20, 1968 

100. Hurcombe SD, Toribio RE, Slovis N, Kohn CW, Refsal K, Saville W, 
et al: Blood arginine vasopressin, adrenocorticotropin hormone, and 
cortisol concentrations at admission in septic and critically ill foals and 
their association with survival. J Vet Intern Med 22:639-647, 2008 

101. Hutchinson PJ, O'Connell MT, Al-Rawi PG, Kett-White CR, Gupta 
AK, Maskell LB, et al: Increases in GABA concentrations during 
cerebral ischaemia: a microdialysis study of extracellular amino acids. J 
Neurol Neurosurg Psychiatry 72:99-105, 2002 

102. Hutchinson PJ, O'Connell MT, Al-Rawi PG, Maskell LB, Gupta AK, 
Hutchinson DB, et al: Neuropathological findings after intracerebral 
implantation of microdialysis catheters in sheep forebrain. Neuroreport 
10:i, 1999 

103. Hutchinson PJ, O'Connell MT, Al-Rawi PG, Maskell LB, Kett-White 
R, Gupta AK, et al: Clinical cerebral microdialysis: a methodological 
study. J Neurosurg 93:37-43, 2000 

104. Hutchinson PJ, O'Connell MT, Kirkpatrick PJ, Pickard JD: How can we 
measure substrate, metabolite and neurotransmitter concentrations in 
the human brain? Physiol Meas 23:R75-109, 2002 

105. Inamasu J, Saito R, Nakamura Y, Ichikizaki K, Suga S, Kawase T, et al: 
Survival of a subarachnoid hemorrhage patient who presented with 
prehospital cardiopulmonary arrest: case report and review of the 
literature. Resuscitation 51:207-211, 2001 

106. Isaksen J, Egge A, Waterloo K, Romner B, Ingebrigtsen T: Risk factors 
for aneurysmal subarachnoid haemorrhage: the Tromso study. J Neurol 
Neurosurg Psychiatry 73:185-187, 2002 

107. Jacobson I, Sandberg M, Hamberger A: Mass transfer in brain dialysis 
devices--a new method for the estimation of extracellular amino acids 
concentration. J Neurosci Methods 15:263-268, 1985 



 88 

108. Jakubowski J, Bell BA, Symon L, Zawirski MB, Francis DM: A 
primate model of subarachnoid hemorrhage: change in regional cerebral 
blood flow, autoregulation carbon dioxide reactivity, and central 
conduction time. Stroke 13:601-611, 1982 

109. Jenkins JS, Buckell M, Carter AB, Westlake S: Hypothalamic-pituitary-
adrenal function after subarachnoid haemorrhage. Br Med J 4:707-709, 
1969 

110. Jennett B, Bond M: Assessment of outcome after severe brain damage. 
Lancet 1:480-484, 1975 

111. Juvela S, Hillbom M, Numminen H, Koskinen P: Cigarette smoking 
and alcohol consumption as risk factors for aneurysmal subarachnoid 
hemorrhage. Stroke 24:639-646, 1993 

112. Kassell NF, Peerless SJ, Durward QJ, Beck DW, Drake CG, Adams 
HP: Treatment of ischemic deficits from vasospasm with intravascular 
volume expansion and induced arterial hypertension. Neurosurgery 
11:337-343, 1982 

113. Kassell NF, Sasaki T, Colohan AR, Nazar G: Cerebral vasospasm 
following aneurysmal subarachnoid hemorrhage. Stroke 16:562-572, 
1985 

114. Kassell NF, Torner JC, Haley EC, Jr., Jane JA, Adams HP, Kongable 
GL: The International Cooperative Study on the Timing of Aneurysm 
Surgery. Part 1: Overall management results. J Neurosurg 73:18-36, 
1990 

115. Kassell NF, Torner JC, Jane JA, Haley EC, Jr., Adams HP: The 
International Cooperative Study on the Timing of Aneurysm Surgery. 
Part 2: Surgical results. J Neurosurg 73:37-47, 1990 

116. Kehr J: A survey on quantitative microdialysis: theoretical models and 
practical implications. J Neurosci Methods 48:251-261, 1993 

117. King LR, McLaurin RL, Lewis HP, Knowles HC, Jr.: Plasma cortisol 
levels after head injury. Ann Surg 172:975-984, 1970 

118. Kinoshita K, Moriya T, Utagawa A, Sakurai A, Mukoyama T, 
Furukawa M, et al: Change in Brain Glucose After Enteral Nutrition in 
Subarachnoid Hemorrhage. J Surg Res, 2009 

119. Koenigsberg HW, Teicher MH, Mitropoulou V, Navalta C, New AS, 
Trestman R, et al: 24-h Monitoring of plasma norepinephrine, MHPG, 
cortisol, growth hormone and prolactin in depression. J Psychiatr Res 
38:503-511, 2004 

120. Koiv L, Merisalu E, Zilmer K, Tomberg T, Kaasik AE: Changes of 
sympatho-adrenal and hypothalamo-pituitary-adrenocortical system in 
patients with head injury. Acta Neurol Scand 96:52-58, 1997 

121. Kraicer J, Milligan JV, Gosbee JL, Conrad RG, Branson CM: In vitro 
release of ACTH: effects of potassium, calcium and corticosterone. 
Endocrinology 85:1144-1153, 1969 

122. Kreiter KT, Copeland D, Bernardini GL, Bates JE, Peery S, Claassen J, 
et al: Predictors of cognitive dysfunction after subarachnoid 
hemorrhage. Stroke 33:200-208, 2002 



 89 

123. Kruyt ND, Roos YW, Dorhout Mees SM, van den Bergh WM, Algra A, 
Rinkel GJ, et al: High mean fasting glucose levels independently 
predict poor outcome and delayed cerebral ischaemia after aneurysmal 
subarachnoid haemorrhage. J Neurol Neurosurg Psychiatry 79:1382-
1385, 2008 

124. Kusaka G, Ishikawa M, Nanda A, Granger DN, Zhang JH: Signaling 
pathways for early brain injury after subarachnoid hemorrhage. J Cereb 
Blood Flow Metab 24:916-925, 2004 

125. Kuyama H, Ladds A, Branston NM, Nitta M, Symon L: An 
experimental study of acute subarachnoid haemorrhage in baboons: 
changes in cerebral blood volume, blood flow, electrical activity and 
water content. J Neurol Neurosurg Psychiatry 47:354-364, 1984 

126. Kwak R, Niizuma H, Ohi T, Suzuki J: Angiographic study of cerebral 
vasospasm following rupture of intracranial aneurysms: Part I. Time of 
the appearance. Surg Neurol 11:257-262, 1979 

127. Lagares A, Gomez PA, Lobato RD, Alen JF, Alday R, Campollo J: 
Prognostic factors on hospital admission after spontaneous 
subarachnoid haemorrhage. Acta Neurochir (Wien) 143:665-672, 
2001 

128. Lambert E, Lambert G, Fassot C, Friberg P, Elghozi JL: Subarachnoid 
hemorrhage induced sympathoexcitation arises due to changes in 
endothelin and/or nitric oxide activity. Cardiovasc Res 45:1046-1053, 
2000 

129. Lanzino G, Kassell NF, Germanson T, Truskowski L, Alves W: Plasma 
glucose levels and outcome after aneurysmal subarachnoid hemorrhage. 
J Neurosurg 79:885-891, 1993 

130. Larsen TS, Brassard P, Jorgensen TB, Hamada AJ, Rasmussen P, 
Quistorff B, et al: Cerebral non-oxidative carbohydrate consumption in 
humans driven by adrenaline. J Physiol, 2008 

131. Larsen TS, Rasmussen P, Overgaard M, Secher NH, Nielsen HB: Non-
selective beta-adrenergic blockade prevents reduction of the cerebral 
metabolic ratio during exhaustive exercise in humans. J Physiol 
586:2807-2815, 2008 

132. Lee KH, Lukovits T, Friedman JA: "Triple-H" therapy for cerebral 
vasospasm following subarachnoid hemorrhage. Neurocrit Care 4:68-
76, 2006 

133. Lee WH, Bondy CA: Ischemic injury induces brain glucose transporter 
gene expression. Endocrinology 133:2540-2544, 1993 

134. Lefkowitz RJ, Roth J, Pastan I: Effects of calcium on ACTH 
stimulation of the adrenal: separation of hormone binding from adenyl 
cyclase activation. Nature 228:864-866, 1970 

135. Lehmann A: Derangements in cerebral osmohomeostasis: a common 
denominator for stimulation of taurine and phosphoethanolamine 
release. Prog Clin Biol Res 351:337-347, 1990 

136. Lennihan L, Mayer SA, Fink ME, Beckford A, Paik MC, Zhang H, et 
al: Effect of hypervolemic therapy on cerebral blood flow after 



 90 

subarachnoid hemorrhage : a randomized controlled trial. Stroke 
31:383-391, 2000 

137. Lewen A, Hillered L: Involvement of reactive oxygen species in 
membrane phospholipid breakdown and energy perturbation after 
traumatic brain injury in the rat. J Neurotrauma 15:521-530, 1998 

138. Li PA, Shuaib A, Miyashita H, He QP, Siesjo BK, Warner DS: 
Hyperglycemia enhances extracellular glutamate accumulation in rats 
subjected to forebrain ischemia. Stroke 31:183-192, 2000 

139. Li PA, Siesjo BK: Role of hyperglycaemia-related acidosis in ischaemic 
brain damage. Acta Physiol Scand 161:567-580, 1997 

140. Linn FH, Rinkel GJ, Algra A, van Gijn J: Headache characteristics in 
subarachnoid haemorrhage and benign thunderclap headache. J Neurol 
Neurosurg Psychiatry 65:791-793, 1998 

141. Linn FH, Rinkel GJ, Algra A, van Gijn J: Incidence of subarachnoid 
hemorrhage: role of region, year, and rate of computed tomography: a 
meta-analysis. Stroke 27:625-629, 1996 

142. Liu-DeRyke X, Collingridge DS, Orme J, Roller D, Zurasky J, Rhoney 
DH: Clinical impact of early hyperglycemia during acute phase of 
traumatic brain injury. Neurocrit Care 11:151-157, 2009 

143. Locksley HB: Natural history of subarachnoid hemorrhage, intracranial 
aneurysms and arteriovenous malformations. J Neurosurg 25:321-368, 
1966 

144. Longstreth WT, Jr., Nelson LM, Koepsell TD, van Belle G: Cigarette 
smoking, alcohol use, and subarachnoid hemorrhage. Stroke 23:1242-
1249, 1992 

145. Lonnroth P, Jansson PA, Smith U: A microdialysis method allowing 
characterization of intercellular water space in humans. Am J Physiol 
253:E228-231, 1987 

146. Lucignani G, Namba H, Nehlig A, Porrino LJ, Kennedy C, Sokoloff L: 
Effects of insulin on local cerebral glucose utilization in the rat. J 
Cereb Blood Flow Metab 7:309-314, 1987 

147. Lund-Andersen H: Transport of glucose from blood to brain. Physiol 
Rev 59:305-352, 1979 

148. Macdonald RL: Management of cerebral vasospasm. Neurosurg Rev 
29:179-193, 2006 

149. Mangieri P, Suzuki K, Ferreira M, Domingues L, Casulari LA: 
Evaluation of pituitary and thyroid hormones in patients with 
subarachnoid hemorrhage due to ruptured intracranial aneurysm. Arq 
Neuropsiquiatr 61:14-19, 2003 

150. Mathiesen T, Edner G, Ulfarsson E, Andersson B: Cerebrospinal fluid 
interleukin-1 receptor antagonist and tumor necrosis factor-alpha 
following subarachnoid hemorrhage. J Neurosurg 87:215-220, 1997 

151. Mayberg MR, Okada T, Bark DH: The significance of morphological 
changes in cerebral arteries after subarachnoid hemorrhage. J 
Neurosurg 72:626-633, 1990 

152. McCall AL, Van Bueren AM, Nipper V, Moholt-Siebert M, Downes H, 
Lessov N: Forebrain ischemia increases GLUT1 protein in brain 



 91 

microvessels and parenchyma. J Cereb Blood Flow Metab 16:69-76, 
1996 

153. Merenda A, Gugliotta M, Holloway R, Levasseur JE, Alessandri B, Sun 
D, et al: Validation of brain extracellular glycerol as an indicator of 
cellular membrane damage due to free radical activity after traumatic 
brain injury. J Neurotrauma 25:527-537, 2008 

154. Meyerson BA, Linderoth B, Karlsson H, Ungerstedt U: Microdialysis in 
the human brain: extracellular measurements in the thalamus of 
parkinsonian patients. Life Sci 46:301-308, 1990 

155. Molyneux A, Kerr R, Stratton I, Sandercock P, Clarke M, Shrimpton J, 
et al: International Subarachnoid Aneurysm Trial (ISAT) of 
neurosurgical clipping versus endovascular coiling in 2143 patients 
with ruptured intracranial aneurysms: a randomised trial. Lancet 
360:1267-1274, 2002 

156. Molyneux AJ, Kerr RS, Yu LM, Clarke M, Sneade M, Yarnold JA, et 
al: International subarachnoid aneurysm trial (ISAT) of neurosurgical 
clipping versus endovascular coiling in 2143 patients with ruptured 
intracranial aneurysms: a randomised comparison of effects on survival, 
dependency, seizures, rebleeding, subgroups, and aneurysm occlusion. 
Lancet 366:809-817, 2005 

157. Muench E, Horn P, Bauhuf C, Roth H, Philipps M, Hermann P, et al: 
Effects of hypervolemia and hypertension on regional cerebral blood 
flow, intracranial pressure, and brain tissue oxygenation after 
subarachnoid hemorrhage. Crit Care Med 35:1844-1851; quiz 1852, 
2007 

158. Naidech AM, Levasseur K, Liebling S, Garg RK, Shapiro M, Ault ML, 
et al: Moderate Hypoglycemia is Associated With Vasospasm, Cerebral 
Infarction, and 3-Month Disability After Subarachnoid Hemorrhage. 
Neurocrit Care, 2009 

159. Naito Y, Fukata J, Tamai S, Seo N, Nakai Y, Mori K, et al: Biphasic 
changes in hypothalamo-pituitary-adrenal function during the early 
recovery period after major abdominal surgery. J Clin Endocrinol 
Metab 73:111-117, 1991 

160. Neil-Dwyer G, Cruickshank J, Stott A, Brice J: The urinary 
catecholamine and plasma cortisol levels in patients with subarachnoid 
haemorrhage. J Neurol Sci 22:375-382, 1974 

161. Nelson KM, Filkins JP: Effect of traumatic injury on sensitivity to 
insulin. Circ Shock 6:285-295, 1979 

162. Nilsson OG, Brandt L, Ungerstedt U, Saveland H: Bedside detection of 
brain ischemia using intracerebral microdialysis: subarachnoid 
hemorrhage and delayed ischemic deterioration. Neurosurgery 
45:1176-1184; discussion 1184-1175, 1999 

163. Nilsson OG, Lindgren A, Stahl N, Brandt L, Saveland H: Incidence of 
intracerebral and subarachnoid haemorrhage in southern Sweden. J 
Neurol Neurosurg Psychiatry 69:601-607, 2000 



 92 

164. Niskanen MM, Hernesniemi JA, Vapalahti MP, Kari A: One-year 
outcome in early aneurysm surgery: prediction of outcome. Acta 
Neurochir (Wien) 123:25-32, 1993 

165. Nordstrom CH: Cerebral energy metabolism and microdialysis in 
neurocritical care. Childs Nerv Syst, 2009 

166. Nornes H: The role of intracranial pressure in the arrest of hemorrhage 
in patients with ruptured intracranial aneurysm. J Neurosurg 39:226-
234, 1973 

167. Nornes H, Magnaes B: Intracranial pressure in patients with ruptured 
saccular aneurysm. J Neurosurg 36:537-547, 1972 

168. O'Kane RL, Hawkins RA: Na+-dependent transport of large neutral 
amino acids occurs at the abluminal membrane of the blood-brain 
barrier. Am J Physiol Endocrinol Metab 285:E1167-1173, 2003 

169. O'Kane RL, Vina JR, Simpson I, Hawkins RA: Na+ -dependent neutral 
amino acid transporters A, ASC, and N of the blood-brain barrier: 
mechanisms for neutral amino acid removal. Am J Physiol Endocrinol 
Metab 287:E622-629, 2004 

170. Oddo M, Schmidt JM, Carrera E, Badjatia N, Connolly ES, Presciutti 
M, et al: Impact of tight glycemic control on cerebral glucose 
metabolism after severe brain injury: A microdialysis study. Crit Care 
Med 36:3233-3238, 2008 

171. Ogilvy CS, Carter BS: A proposed comprehensive grading system to 
predict outcome for surgical management of intracranial aneurysms. 
Neurosurgery 42:959-968; discussion 968-970, 1998 

172. Ori C, Cavallini L, Freo U, Ruggero S, Ermani M, Pizzolato G, et al: 
The effects of propofol on cerebral high energy metabolites, lactate, and 
glucose in normoxic and severely hypoxic rats. Life Sci 60:1349-1357, 
1997 

173. Pakarinen S: Incidence, aetiology, and prognosis of primary 
subarachnoid haemorrhage. A study based on 589 cases diagnosed in a 
defined urban population during a defined period. Acta Neurol Scand 
43:Suppl 29:21-28, 1967 

174. Park S, Yamaguchi M, Zhou C, Calvert JW, Tang J, Zhang JH: 
Neurovascular protection reduces early brain injury after subarachnoid 
hemorrhage. Stroke 35:2412-2417, 2004 

175. Pasqualin A: Cerebral Metabolism, in Youmans JR (ed): Neurological 
surgery, ed Fourth. Philadelphia: W.B. Saunders Company, 1996, Vol 
1, pp 455-481 

176. Paul T, Lemmer B: Disturbance of circadian rhythms in analgosedated 
intensive care unit patients with and without craniocerebral injury. 
Chronobiol Int 24:45-61, 2007 

177. Pellerin L, Pellegri G, Martin JL, Magistretti PJ: Expression of 
monocarboxylate transporter mRNAs in mouse brain: support for a 
distinct role of lactate as an energy substrate for the neonatal vs. adult 
brain. Proc Natl Acad Sci U S A 95:3990-3995, 1998 



 93 

178. Persson L, Hillered L: Chemical monitoring of neurosurgical intensive 
care patients using intracerebral microdialysis. J Neurosurg 76:72-80, 
1992 

179. Persson L, Valtysson J, Enblad P, Warme PE, Cesarini K, Lewen A, et 
al: Neurochemical monitoring using intracerebral microdialysis in 
patients with subarachnoid hemorrhage. J Neurosurg 84:606-616, 
1996 

180. Piepgras A, Elste V, Frietsch T, Schmiedek P, Reith W, Schilling L: 
Effect of moderate hypothermia on experimental severe subarachnoid 
hemorrhage, as evaluated by apparent diffusion coefficient changes. 
Neurosurgery 48:1128-1134; discussion 1134-1125, 2001 

181. Poca MA, Sahuquillo J, Vilalta A, de los Rios J, Robles A, Exposito L: 
Percutaneous implantation of cerebral microdialysis catheters by twist-
drill craniostomy in neurocritical patients: description of the technique 
and results of a feasibility study in 97 patients. J Neurotrauma 
23:1510-1517, 2006 

182. Poll EM, Bostrom A, Burgel U, Reinges MH, Hans FJ, Gilsbach JM, et 
al: Cortisol dynamics in the acute phase of aneurysmal subarachnoid 
hemorrhage - associations with disease severity and outcome. J 
Neurotrauma, 2009 

183. Poppe R, Karbach U, Gambaryan S, Wiesinger H, Lutzenburg M, 
Kraemer M, et al: Expression of the Na+-D-glucose cotransporter 
SGLT1 in neurons. J Neurochem 69:84-94, 1997 

184. Pritz MB, Giannotta SL, Kindt GW, McGillicuddy JE, Prager RL: 
Treatment of patients with neurological deficits associated with cerebral 
vasospasm by intravascular volume expansion. Neurosurgery 3:364-
368, 1978 

185. Prunell GF, Mathiesen T, Svendgaard NA: Experimental subarachnoid 
hemorrhage: cerebral blood flow and brain metabolism during the acute 
phase in three different models in the rat. Neurosurgery 54:426-436; 
discussion 436-427, 2004 

186. Raff H, Norton AJ, Flemma RJ, Findling JW: Inhibition of the 
adrenocorticotropin response to surgery in humans: interaction between 
dexamethasone and fentanyl. J Clin Endocrinol Metab 65:295-298, 
1987 

187. Raivich G, Bohatschek M, Kloss CU, Werner A, Jones LL, Kreutzberg 
GW: Neuroglial activation repertoire in the injured brain: graded 
response, molecular mechanisms and cues to physiological function. 
Brain Res Brain Res Rev 30:77-105, 1999 

188. Rehncrona S, Rosen I, Siesjo BK: Brain lactic acidosis and ischemic 
cell damage: 1. Biochemistry and neurophysiology. J Cereb Blood 
Flow Metab 1:297-311, 1981 

189. Reinstrup P, Stahl N, Mellergard P, Uski T, Ungerstedt U, Nordstrom 
CH: Intracerebral microdialysis in clinical practice: baseline values for 
chemical markers during wakefulness, anesthesia, and neurosurgery. 
Neurosurgery 47:701-709; discussion 709-710, 2000 



 94 

190. Rinkel GJ, Feigin VL, Algra A, van den Bergh WM, Vermeulen M, van 
Gijn J: Calcium antagonists for aneurysmal subarachnoid haemorrhage. 
Cochrane Database Syst Rev:CD000277, 2005 

191. Riutta A, Ylitalo P, Kaukinen S: Diurnal variation of melatonin and 
cortisol is maintained in non-septic intensive care patients. Intensive 
Care Med, 2009 

192. Ronkainen A, Hernesniemi J, Ryynanen M: Familial subarachnoid 
hemorrhage in east Finland, 1977-1990. Neurosurgery 33:787-796; 
discussion 796-797, 1993 

193. Ronne-Engstrom E, Cesarini KG, Enblad P, Hesselager G, Marklund N, 
Nilsson P, et al: Intracerebral microdialysis in neurointensive care: the 
use of urea as an endogenous reference compound. J Neurosurg 
94:397-402, 2001 

194. Ronne-Engstrom E, Enblad P, Gal G, Norback O, Ryttlefors M, 
Cesarini KG, et al: Patients with spontaneous subarachnoid 
haemorrhage - presentation of a 10-year hospital series. Br J 
Neurosurg:1-8, 2009 

195. Ronne-Engstrom E, Hillered L, Flink R, Spannare B, Ungerstedt U, 
Carlson H: Intracerebral microdialysis of extracellular amino acids in 
the human epileptic focus. J Cereb Blood Flow Metab 12:873-876, 
1992 

196. Roos YB, Levi M, Carroll TA, Beenen LF, Vermeulen M: Nimodipine 
increases fibrinolytic activity in patients with aneurysmal subarachnoid 
hemorrhage. Stroke 32:1860-1862, 2001 

197. Roth-Isigkeit AK, Schmucker P: Postoperative dissociation of blood 
levels of cortisol and adrenocorticotropin after coronary artery bypass 
grafting surgery. Steroids 62:695-699, 1997 

198. Samuelsson C, Hillered L, Zetterling M, Enblad P, Hesselager G, 
Ryttlefors M, et al: Cerebral glutamine and glutamate levels in relation 
to compromised energy metabolism: a microdialysis study in 
subarachnoid hemorrhage patients. J Cereb Blood Flow Metab 
27:1309-1317, 2007 

199. Sarrafzadeh A, Haux D, Sakowitz O, Benndorf G, Herzog H, Kuechler 
I, et al: Acute focal neurological deficits in aneurysmal subarachnoid 
hemorrhage: relation of clinical course, CT findings, and metabolite 
abnormalities monitored with bedside microdialysis. Stroke 34:1382-
1388, 2003 

200. Sarrafzadeh AS, Haux D, Ludemann L, Amthauer H, Plotkin M, 
Kuchler I, et al: Cerebral ischemia in aneurysmal subarachnoid 
hemorrhage: a correlative microdialysis-PET study. Stroke 35:638-643, 
2004 

201. Sato K, Shimizu H, Fujimura M, Inoue T, Matsumoto Y, Tominaga T: 
Acute-stage diffusion-weighted magnetic resonance imaging for 
predicting outcome of poor-grade aneurysmal subarachnoid 
hemorrhage. J Cereb Blood Flow Metab  

202. Savaridas T, Andrews PJ, Harris B: Cortisol dynamics following acute 
severe brain injury. Intensive Care Med 30:1479-1483, 2004 



 95 

203. Schievink WI: Intracranial aneurysms. N Engl J Med 336:28-40, 1997 
204. Schlenk F, Graetz D, Nagel A, Schmidt M, Sarrafzadeh AS: Insulin-

related decrease in cerebral glucose despite normoglycemia in 
aneurysmal subarachnoid hemorrhage. Crit Care 12:R9, 2008 

205. Schlenk F, Nagel A, Graetz D, Sarrafzadeh AS: Hyperglycemia and 
cerebral glucose in aneurysmal subarachnoid hemorrhage. Intensive 
Care Med 34:1200-1207, 2008 

206. Schmalbruch IK, Linde R, Paulson OB, Madsen PL: Activation-
induced resetting of cerebral metabolism and flow is abolished by beta-
adrenergic blockade with propranolol. Stroke 33:251-255, 2002 

207. Schulz MK, Wang LP, Tange M, Bjerre P: Cerebral microdialysis 
monitoring: determination of normal and ischemic cerebral 
metabolisms in patients with aneurysmal subarachnoid hemorrhage. J 
Neurosurg 93:808-814, 2000 

208. Sehba FA, Bederson JB: Mechanisms of acute brain injury after 
subarachnoid hemorrhage. Neurol Res 28:381-398, 2006 

209. Sehba FA, Schwartz AY, Chereshnev I, Bederson JB: Acute decrease in 
cerebral nitric oxide levels after subarachnoid hemorrhage. J Cereb 
Blood Flow Metab 20:604-611, 2000 

210. Siesjo BK: Pathophysiology and treatment of focal cerebral ischemia. 
Part I: Pathophysiology. J Neurosurg 77:169-184, 1992 

211. Siesjo BK: Pathophysiology and treatment of focal cerebral ischemia. 
Part II: Mechanisms of damage and treatment. J Neurosurg 77:337-
354, 1992 

212. Siesjo BK, Plum F: Cerebral energy metabolism in normoxia and in 
hypoxia. Acta Anaesthesiol Scand Suppl 45:81-101, 1971 

213. Solomon RA, Antunes JL, Chen RY, Bland L, Chien S: Decrease in 
cerebral blood flow in rats after experimental subarachnoid 
hemorrhage: a new animal model. Stroke 16:58-64, 1985 

214. Solomon RA, Lovitz RL, Hegemann MT, Schuessler GB, Young WL, 
Chien S: Regional cerebral metabolic activity in the rat following 
experimental subarachnoid hemorrhage. J Cereb Blood Flow Metab 
7:193-198, 1987 

215. Spallone A, Acqui M, Pastore FS, Guidetti B: Relationship between 
leukocytosis and ischemic complications following aneurysmal 
subarachnoid hemorrhage. Surg Neurol 27:253-258, 1987 

216. Starmark JE, Stalhammar D, Holmgren E: The Reaction Level Scale 
(RLS85). Manual and guidelines. Acta Neurochir (Wien) 91:12-20, 
1988 

217. Stone AA, Schwartz JE, Smyth J, Kirschbaum C, Cohen S, Hellhammer 
D, et al: Individual differences in the diurnal cycle of salivary free 
cortisol: a replication of flattened cycles for some individuals. 
Psychoneuroendocrinology 26:295-306, 2001 

218. Stryer: Biochemistry, ed 2nd: Freeman, 1981 pp 407-429, 485-509 
219. Teasdale G, Jennett B: Assessment of coma and impaired 

consciousness. A practical scale. Lancet 2:81-84, 1974 



 96 

220. Thal SC, Sporer S, Klopotowski M, Thal SE, Woitzik J, Schmid-
Elsaesser R, et al: Brain edema formation and neurological impairment 
after subarachnoid hemorrhage in rats. Laboratory investigation. J 
Neurosurg 111:988-994, 2009 

221. Thal SC, Sporer S, Schmid-Elsaesser R, Plesnila N, Zausinger S: 
Inhibition of bradykinin B2 receptors before, not after onset of 
experimental subarachnoid hemorrhage prevents brain edema formation 
and improves functional outcome. Crit Care Med 37:2228-2234, 2009 

222. Thiex R, Tsirka SE: Brain edema after intracerebral hemorrhage: 
mechanisms, treatment options, management strategies, and operative 
indications. Neurosurg Focus 22:E6, 2007 

223. Treggiari MM, Deem S: Which H is the most important in triple-H 
therapy for cerebral vasospasm? Curr Opin Crit Care 15:83-86, 2009 

224. Ungerstedt U, Pycock C: Functional correlates of dopamine 
neurotransmission. Bull Schweiz Akad Med Wiss 30:44-55, 1974 

225. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, 
Schetz M, et al: Intensive insulin therapy in the critically ill patients. N 
Engl J Med 345:1359-1367, 2001 

226. van Gijn J, Rinkel GJ: Subarachnoid haemorrhage: diagnosis, causes 
and management. Brain 124:249-278, 2001 

227. Vannucci SJ, Seaman LB, Vannucci RC: Effects of hypoxia-ischemia 
on GLUT1 and GLUT3 glucose transporters in immature rat brain. J 
Cereb Blood Flow Metab 16:77-81, 1996 

228. Vemula S, Roder KE, Yang T, Bhat GJ, Thekkumkara TJ, Abbruscato 
TJ: A functional role for sodium-dependent glucose transport across the 
blood-brain barrier during oxygen glucose deprivation. J Pharmacol 
Exp Ther 328:487-495, 2009 

229. Vergouwen MD, van Geloven N, de Haan RJ, Kruyt ND, Vermeulen 
M, Roos YB: Increased Cortisol Levels are Associated with Delayed 
Cerebral Ischemia After Aneurysmal Subarachnoid Hemorrhage. 
Neurocrit Care  

230. Vergouwen MD, Vermeulen M, Coert BA, Stroes ES, Roos YB: 
Microthrombosis after aneurysmal subarachnoid hemorrhage: an 
additional explanation for delayed cerebral ischemia. J Cereb Blood 
Flow Metab 28:1761-1770, 2008 

231. Vermes I, Beishuizen A: The hypothalamic-pituitary-adrenal response 
to critical illness. Best Pract Res Clin Endocrinol Metab 15:495-511, 
2001 

232. Vermes I, Beishuizen A, Hampsink RM, Haanen C: Dissociation of 
plasma adrenocorticotropin and cortisol levels in critically ill patients: 
possible role of endothelin and atrial natriuretic hormone. J Clin 
Endocrinol Metab 80:1238-1242, 1995 

233. Vespa P, Bergsneider M, Hattori N, Wu HM, Huang SC, Martin NA, et 
al: Metabolic crisis without brain ischemia is common after traumatic 
brain injury: a combined microdialysis and positron emission 
tomography study. J Cereb Blood Flow Metab 25:763-774, 2005 



 97 

234. Vespa P, Boonyaputthikul R, McArthur DL, Miller C, Etchepare M, 
Bergsneider M, et al: Intensive insulin therapy reduces microdialysis 
glucose values without altering glucose utilization or improving the 
lactate/pyruvate ratio after traumatic brain injury. Crit Care Med 
34:850-856, 2006 

235. Vespa PM, McArthur D, O'Phelan K, Glenn T, Etchepare M, Kelly D, 
et al: Persistently low extracellular glucose correlates with poor 
outcome 6 months after human traumatic brain injury despite a lack of 
increased lactate: a microdialysis study. J Cereb Blood Flow Metab 
23:865-877, 2003 

236. Vora YY, Suarez-Almazor M, Steinke DE, Martin ML, Findlay JM: 
Role of transcranial Doppler monitoring in the diagnosis of cerebral 
vasospasm after subarachnoid hemorrhage. Neurosurgery 44:1237-
1247; discussion 1247-1238, 1999 

237. Weant KA, Sasaki-Adams D, Dziedzic K, Ewend M: Acute relative 
adrenal insufficiency after aneurysmal subarachnoid hemorrhage. 
Neurosurgery 63:645-649; discussion 649-650, 2008 

238. Weir B, Grace M, Hansen J, Rothberg C: Time course of vasospasm in 
man. J Neurosurg 48:173-178, 1978 

239. Whittle IR, Glasby M, Lammie A, Bell H, Ungerstedt U: 
Neuropathological findings after intracerebral implantation of 
microdialysis catheters. Neuroreport 9:2821-2825, 1998 

240. Woolf PD, McDonald JV, Feliciano DV, Kelly MM, Nichols D, Cox C: 
The catecholamine response to multisystem trauma. Arch Surg 
127:899-903, 1992 

241. Zhou C, Yamaguchi M, Colohan AR, Zhang JH: Role of p53 and 
apoptosis in cerebral vasospasm after experimental subarachnoid 
hemorrhage. J Cereb Blood Flow Metab 25:572-582, 2005 

242. Zubkov YN, Nikiforov BM, Shustin VA: Balloon catheter technique for 
dilatation of constricted cerebral arteries after aneurysmal SAH. Acta 
Neurochir (Wien) 70:65-79, 1984 

 
 






