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Introduction 

It has been well established that in both traumatic brain injury (TBI) and 
subarachnoid hemorrhage (SAH) the primary, initial impact to the brain is 
followed by a complex cascade of secondary injury factors that markedly 
exacerbate the primary brain injury (1-4). The optimal management of these 
patients still needs to be defined although rapid prehospital management and 
diagnosis, surgical intervention when needed and state-of-the art neurocriti-
cal care (NCC) followed by neurorehabilitation has been successful in reduc-
ing the overall morbidity and mortality in both SAH and TBI patients (5-8). 
Despite these improvements in outcome, survivors of TBI and SAH fre-
quently suffer from drastic reduction in the quality of life due to functional 
and cognitive impairment, personality changes and psychological problems 
(9;10). Surprisingly, with the exception of nimodipin for the treatment of 
vasospasm in SAH patients, there is no pharmacological treatment option 
with proven clinical benefit available to further reduce the mortality and 
morbidity of patients with acute brain injury. Instead, continuous refinement 
of NCC monitoring with the aim of detecting signs of secondary injury me-
chanisms may be a strategy to further reduce the secondary brain injury oc-
curring in TBI and SAH patients. Although there are numerous existing con-
troversies regarding NCC practice, general agreement and available guide-
lines suggest that monitoring of intracranial pressure (ICP) and cerebral per-
fusion pressure (CPP) should be available for unconscious TBI patients (11-
13). In addition, ICP monitoring should be used in patients with poor-grade 
SAH (14). During the past decades several additional brain monitoring tech-
niques have been developed including e.g. microdialysis (MD), brain tissue 
oxygenation (PbtiO2) and jugular venous saturation (SjvO2) (2). 

Focal energy metabolic disturbances causing regional ischemia leading to 
neuroworsening with a decreased level of consciousness and/or emergence 
of focal neurological deficits may still occur undetected despite the use of 
global monitoring tools like ICP, CPP and SjvO2 (15-17) as well as focal 
monitoring techniques if not placed in the disturbed region. Therefore, an-
other important monitoring tool in NCC is the clinical examination to detect 
alterations in patients neurological status (using the neurological wake-up 
test, NWT) (18;19). 

To be able to perform NWT, the continuous sedation must be interrupted. 
However, interruption of continuous sedation may also induce a stress re-
sponse with increased metabolic demands for the injured and vulnerable 
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brain and its use is controversial (18). The positive and negative 
conesquences of the NWT need to be established in NCC. 

 

 
Figure 1. Simplified cartoon showing the concept of secondary insults exacerbating 
the primary brain injury occuring at the time of impact. rCBF= regional cerebral 
blood flow, ICP= intracranial pressure, CPP= cerebral perfusion pressure. Modified 
after Hillered/Marklund 2011 (20). 
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Overview 

The two diseases described in this thesis, TBI and SAH, both have a sudden 
onset with an associated primary brain injury that cannot be treated. This 
primary injury may then be markedly exacerbated by secondary injury fac-
tors present during the initial days and weeks. However, although TBI and 
SAH share some similarities in pathophysiology, in the clinical setting they 
represent two distinct disease entities. 

Traumatic brain injury, TBI 
TBI, the major contributor to mortality and morbidity in young people, is a 
global health problem (2) and the worldwide incidence of TBI is rapidly 
increasing. In fact, in Europe TBI is the leading cause for disability-adjusted 
life years (21). In Scandinavia, the incidence of TBI is approximately 
200/100 000 (22) and in Sweden approximately 246-272 per 100000 (23). 
Motor vehicle accidents are still the most common cause for TBI, followed 
by falls. These patients constitute a complex clinical challenge which re-
quires a comprehensive, collaborative management (24). The majority of 
TBIs are in the mild-moderate severity range and it has been estimated that 
approximately 4% of TBI victims require neurosurgical intervention (16). 
Although TBI predominately affects young males, the incidence of elderly 
patients is increasing at least in the industrialized world (2). The overall neu-
rological injury resulting from TBI is caused by a combination of damage 
sustained by the initial impact and the following secondary insults (25). The 
primary brain injury causes damage to the brain parenchyma (death to neu-
rons and glial cells, injury to vessels) that occurs at time of the impact, re-
sulting in shearing and compression of brain tissue (26). Prognostic factors 
determining outcome following TBI include the severity of the primary in-
jury, level of consciousness in the emergency room, age of the patient and 
the presence of abnormal pupillary reaction to light (27-30). Importantly, 
TBI is not a single disease entity and the primary injury can be divided into 
focal and diffuse injury. Focal brain injuries (epidural hematoma, subdural 
hematoma, cortical contusion, intracerebral hemorrhage) result from contact 
forces where the head strikes or is struck by an object although cortical con-
tusion and subdural hematoma may also be caused by accelera-
tion/deceleration forces. Diffuse injuries (diffuse axonal injury, brain swell-
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ing) are predominately caused by acceleration/deceleration forces (31). TBI 
can occur either isolated or be associated with extracranial injuries (thoracic 
or abdominal injuries, fractures to extremities, spinal cord injury) which 
occurs in about 35% of patients and markedly increases the risk of secondary 
brain damage (2;32). Importantly, secondary injuries that occur during the 
first hours-days have shown to worsen survival after TBI (27), although the 
exact onset and extent of secondary injury may be difficult to establish (33). 
Patients with mild-moderate TBI also carry a risk for persisting symptoms 
where headache and cognitive problems may be the most common. In pa-
tients with severe TBI, pre-hospital stabilization followed by prompt surgical 
evacuation of space-occupying lesions when needed is crucial in the initial 
management. Post-injury NCC including mechanical ventilation, sedation 
and multimodality monitoring are then used to control and adjust intracranial 
(ICP) and cerebral perfusion pressure (CPP; vide infra). Despite all initial 
efforts during the acute phase, the mortality of severely brain-injured pa-
tients is still high. Additionally, despite NCC and the ensuing neurorehabili-
tation, the persisting morbidity frequently observed in TBI survivors cause 
much distress to the patient and his/her relatives and the socioeconomic costs 
are huge. Thus, improved treatments are urgently needed.  

Subarachnoid hemorrhage, SAH 
Subarachnoid hemorrhage (SAH) caused by a ruptured aneurysm accounts 
for approximately 5% of all strokes and is a devastating disease with a high 
risk of mortality and morbidity (8;34;35). The incidence of SAH is about 6-
7/ 100 000 person-years globally, 12.4 per 100 000 person years in Sweden 
and even higher in Finland and Japan (36-38). Women have a 1.6 times 
higher risk than men (38) and compared to other strokes, SAH occurs in 
relatively young people (more than 50% of patients are <55 years old).  

How aneurysms form and grow or when and why they subsequently rup-
ture is not completely understood, but the process is probably multifactorial 
(34). Known risk factors for SAH are smoking, alcohol or cocain abuse, 
hypertension and history of SAH in first degree relatives (35). Mechanical 
stress on the arterial wall probably plays an important role since aneurysms 
usually develop at vascular bifurcations because of turbulent flow. Aneu-
rysms most frequently occur in the anterior portion of the Circulus Willisi 
(39). 

The presenting sign of SAH is sudden severe headache (typically de-
scribed as “worst-ever” or “explosive”), nausea, vomiting, and/or loss of 
consciousness (40;41). Recognition of these clinical sign is crucial since 
SAH is still too frequently misdiagnosed with high risk of devastating con-
sequences (42). Extravasated blood in the basal cisterns on early computed 
tomography (CT) scans is diagnostic (43). However, if the CT scan is nega-
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tive, a lumbar puncture must be performed > 12 hours after the onset of 
headache (43). Although intra-arterial digital subtraction angiography (DSA) 
still remains the gold standard for diagnosing intracranial aneurysms, the use 
of CT angiography (CTA) is increasing and is now commonly the first-hand 
method for aneurysm visualisation (42;44;45). 

Initial management of SAH in the NCC setting aims at preventing 
rebleeding, managing hydrocephalus and elevated ICP, and treatment of 
early physiologic derangement. After the aneurysm has been secured, pa-
tients require intensive monitoring for identification and treatment of vaso-
spasm that may lead to delayed cerebral ischemia, DCI and infarction (34). 

In an early study evaluating the natural history of SAH, 63% of the pa-
tients who received conservative treatment were dead within one year (46), 
mainly due to rebleeding. The risk of rebleeding is highest immediately after 
the initial hemorrhage which then declines over the following days (47;48). 
Since the late 1950ies (49), it has been shown beyond doubt that securing the 
ruptured aneurysm favorably alters the natural course of SAH. Thus, the goal 
in most patients is to occlude the aneurysm within the first few days after the 
hemorrhage (50), either surgically (‘clipping’) or endovascularly by detach-
able coils (‘coiling’) (34;51;52). In most NCC centers, intracranial microsur-
gical clipping and endovascular coiling co-exist and although coiling has 
rapidly emerged as the primary treament modality (53), surgical clipping 
may still be preferred for certain aneurysms. In up to 20% of SAH patients, 
acute hydrocephalus contributes to a decreased level of consciousness and 
clinical improvement is frequently observed after insertion of an external 
ventricular drainage (EVD) (54-57). Chronic, persisting hydrocephalus may 
also develop in up to 15% of patients leading to a need for ventriculoperito-
neal shunt treatment (14;58). 

A common and feared complication of SAH is the development of cere-
bral infarcts and/or ischemia, predominately caused by vasospasm (55;59). 
Cerebral vasospasm affects 60–70% of patients with SAH, is diagnosed an-
giographically and/or clinically and usually develops 3–12 days after SAH 
with a peak at day 7-10 (39). The management of vasospasm includes profy-
lactic administration of the calcium channel blocker nimodipine to all SAH 
patients (60;61). If vasospasm is confirmed or suspected, the “triple H” ther-
apy (hypertension, hemodilution, and hypervolemia) (62-64) may be initi-
ated. Other treatment options for DCI that have been evaluted include clazo-
sentan, magnesium and statins. These treatments have all shown reduction in 
arterial vasospasm or a reduction of DCI but have also been associated with 
significant side effects such as anemia, hypotension, pulmonary complica-
tions and a poor neurological outcome (34). Importantly, improved medical 
management has resulted in a marked reduction in death and disability (65), 
suggesting an important role for the monitoring and management in special-
ized NCC centers (5;66-72). 
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Neurocritical care, NCC 

Primary brain injury occurs at the time of disease onset in both TBI and 
SAH patients and is not reversible (4). The basic concept of neurocritical 
care (NCC) is that the primary injury is followed by numerous biochemical, 
molecular and physiological events (Figure 1) that gradually exacerbate the 
primary injury. Thus, modern NCC may detect and treat these events with 
the aim of improving the outcome of the patient. The secondary injury cas-
cade starts at the time of the primary impact and it activates inflammatory, 
excitotoxic, oxidative stress, metabolic, vascular and mithocondrial mecha-
nisms.(1-4). Clinically, the secondary injury factors can be divided into sys-
temic (hypoxia, hypotension, anemia, acid-base or glucose disturbances) or 
intracranial (intracranial hypertension, cerebral edema, seizures, impaired 
regional cerebral blood flow and energy metabolic impairments) (55;73-77). 
To date, it has been shown beyond doubt that these secondary injury factors 
negatively influence the vulnerable brain-injured patients. Although many 
details of this secondary cascade remain to be understood, it persists for 
many hours and even days (2). 

Already in 1958, respiratory insufficiency and anoxia was observed to 
contribute to post-traumatic cerebral edema and death (78). In 1977, Rose 
and colleagues in Glasgow reviewed 116 patients who had been able to talk 
immediately after a head injury, but subsequently died (79). The fact that 
these patients were conscious and able to talk indicated that the primary in-
jury was mild. The authors concluded that the majority of these patients had 
at least one factor contributing to the death of the patient, factor/s that should 
have been able to treat or prevent and these factors were named “avoidable 
factors”. These avoidable factors included a delay in the treatment of an 
intracranial hemorrhage, poorly controlled epilepsy, meningitis, hypoxia and 
hypotension (79).  

Following TBI, numerous studies have shown a significant association 
between hypotension and poor outcome in patients with head injuries (80-
83) also, and association between hypotension during anesthesia and poor 
outcome has been observed in SAH patients (84). Additionally, 50% of TBI 
patients are reported to be hypoxic on the field (83-85) and airway obstruc-
tion and aspiration are major early causes of death in TBI patients (86). The 
introduction of pre-hospital treatment protocols designed to enable normali-
zation of oxygenation and blood pressure levels has been associated with an 
improved outcome (87;88) and avoiding hypoxia is an important task in 
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NCC. Similarly, the most frequent complications contributing to poor out-
come or death in SAH patients were hyperthermia, anemia and hyperglyce-
mia (77). Another important factor in NCC is seizure activity, common in 
the early period following TBI and SAH (89;90), which may cause secon-
dary brain damage due to increased metabolic demands, raised intracranial 
pressure and excessive neurotransmitter release (90). Although clinically 
silent seizure activity is frequently detected using continuous EEG (cEEG) 
monitoring (vide infra), routine prophylactics using anti-epileptic drugs can-
not be recommended from available literature (14;91).  
Additionally, although it has not been firmly established that suppression of 
fever after brain damage improves outcome (78), based on available evi-
dence the current opinion is that a rise in body temperature is detrimental to 
the injured brain and should be avoided and treated (77;92). Finally, hyper-
glycemia is common after TBI and SAH (77;93-95) and has been associated 
with a poor outcome (77;94-96). Thus, many NCC centers rigorously treat 
elevated blood glucose levels. However, recent data (97-99) has suggested 
that outcome may be worsened if blood glucose levels are strictly maintained 
at too low levels suggesting that the injured brain may also be highly sensi-
tive to hypoglycemia. 

Specialized NCC units were developed during the 1980’s and they have 
resulted in an improved outcome for both TBI and SAH patients 
(5;66;70;100). Central in the development of these NCC units was the spe-
cialized neuroscience nursing staff (101). Several studies have demonstrated 
improved outcome in TBI patients using standardized NCC treatment proto-
cols (5;70;100;102;103) and that secondary events following acute brain 
injury are preventable and treatable (104). In our own NCC unit, stepwise 
standardized protocols that include written standardized operative proce-
dures for both basic nursing and medical treatment of secondary insults have 
been associated with an improved outcome for TBI and SAH patients 
(5;105-108). However, despite the structured treatment in specialized NCC 
centers, secondary insults still occur during all stages of care (109-112). 
Thus, to achieve the overall aim of NCC units, i.e. to protect the injured 
brain from secondary insults, patients need to be rigorously monitored to 
enable early detection and treatment of these avoidable factors. 
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Multimodality monitoring in NCC 

Monitoring of intracranial pressure (ICP) and cerebral perfusion pressure 
(CPP, defined as the mean arterial blood pressure, MABP - ICP) is strongly 
recommended for TBI patients by available guidelines (11-13) and is used 
world-wide. During the past decades, more advanced brain monitoring tech-
niques including e.g. jugular venous oxygen saturation (SjvO2), brain tissue 
monitoring (PbtiO2) and microdialysis (MD) have been introduced (2;113). 

Table 1. Monitoring variables and treatment goals in the NCC unit, Uppsala  
University Hospital 

Variable Treatment goal 

ICP < 20 mmHg 
CPP > 60 mmHg 
Systolic blood pressure > 100 mmHg 

CVP 
0-5 mmHg (5-10 in SAH patients 
after aneurysm secured) 

PaO2 > 12 kPa 
SaO2 > 96% 
Blood glucose 5-10 mmol/L 
Body temperature < 38° C 

Intracranial pressure, ICP 
The Skull constitutes a rigid box which contains brain tissue and interstitial 
water, cerebrospinal fluid and intravascular blood (114). Although the first 
measurement of human ICP was performed in 1951 (115), it was Nils 
Lundberg’s pioneering work in the 1960’s that introduced the basic princi-
ples for for the ICP monitoring used today in NCC (116-118). Normal ICP 
in resting humans is 2-7 mmHg and increased ICP has been defined as a 
pressure > 20 mmHg persisting for > 5 min (119;120). A rise in ICP may 
reduce cerebral blood flow leading to ischemia (121;122). In fact, increased 
ICP is a leading cause of mortality and morbidity after severe TBI (123-
125). ICP monitoring is considered central in all available guidelines for 
severe TBI (126), although surprisingly there is no class 1 evidence suggest-
ing that ICP monitoring improves outcome of TBI patients (12;26). A few 
studies also suggested that ICP monitoring may be associated with a higher 
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mortality (127;128), a conclusion that has been critized (129). ICP monitor-
ing can be performed either via a catheter that is inserted into the lateral ven-
tricle (External ventricular drainage, EVD) or via a thin probe inserted into 
the brain parenchyma. The golden standard for ICP monitoring is an EVD 
(130) that may also enable cerebrospinal fluid (CSF) drainage for ICP con-
trol and the insertion of an EVD is recommended in all SAH patients with a 
depressed level of consciousness (14). 

Cerebral perfusion pressure, CPP 
In the normal brain, cerebral autoregulation maintains the regional cerebral 
blood flow (rCBF) relatively constant despite marked fluctuations in sys-
temic blood pressure and cerebral perfusion pressure (CPP) (131). In the 
injured brain, autoregulation may be disturbed regionally or globally causing 
brain perfusion to be passively dependent on the systemic blood pressure 
(132;133). 

CPP, the difference between the MABP and ICP (122;126), reflects the 
pressure gradient acting on the brain vessels and CPP heavily influences 
rCBF (134). CPP may be used to estimate the cerebral perfusion (31) and its 
clinical use is based on theoretical assumptions that a maintained rCBF is 
needed to meet the metabolic requirements of the injured brain. There is still 
a controversy on the optimal CPP level in TBI management (135-140), and it 
may vary depending on the autoregulatory status of the patients (141). In-
duced hypertension using fluid resuscitation and vasopressors was previ-
ously recommended to maintain CPP (140). However, excessively elevated 
CPP is associated with a poor outcome and an increased incidence of acute 
lung injury (139;142;143). Currently, elevation of CPP to >70 mmHg cannot 
be recommended in TBI patients. Instead, an increased CPP may elevate ICP 
due to increased transcapillary filtration and therefore a CPP at ~ 50 mmHg 
may be acceptable in adults (144). Importantly, a recent report from our 
group suggested that approximately half of the TBI patients may benefit 
from increased CPP whereas the other half of patients fared better with a 
reduced CPP based on autoregulatory status (143). The brain trauma founda-
tion has recently recommended that the CPP target after severe TBI should 
lie within the range of 50-70 mmHg (11;145), while similar CPP recommen-
dations for SAH patients are not available, to date (14). However, one study 
showed an association between CPP <70 mmHg and an increased rate of 
brain tissue hypoxia and metabolic crises, defined as lactate/pyruvate ratio 
(LPR) >40 and brain glucose <0.7 mmol/L in poor-grade SAH patients 
(146). 
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Jugular venous oximetry, SjvO2 and AVD of O2, 
glucose and lactate  
The jugular venous oxygen saturation or oximetry (SjvO2) monitoring tech-
nique provides important information related to cerebral oxygen supply, 
cerebral perfusion and cerebral oxygen consumption (147). Changes in 
SjvO2 can be continuously monitored by fiberoptic catheters placed retro-
gradely into the internal jugular vein and positioned at the skull base or by 
intermittently analysing jugular venous blood samples. Additionally, by 
simultaneously analyzing the arterial and jugular blood samples, calculation 
of the arterial-venous differences in e.g. energy metabolic markers such as 
lactate, oxygen and glucose can be performed (148). 

In normal adults, SjvO2 ranges from 55-75% (149). Reduced SjvO2 values 
indicate an ischemic situation due to an increased oxygen extraction relative 
to the cerebral perfusion (150;151) and are related to a worse outcome (152-
155). High jugular bulb oxygen saturation may be observed in cases of ex-
tensive infarcts due to incomplete extraction of oxygen (156). The use of 
SjvO2 monitoring include guidance of hyperventilation and CPP and to dis-
tinguish cerebral hyperemia from vasospasm (148). 

A positron emission tomography (PET) and microdialysis study showed 
that SjvO2 does not decrease to below 50% until 13% of the brain becomes 
ischemic (157). Thus, the SjvO2 is predominately used as a global monitor-
ing tool and it correlates poorly with regional tissue oxygenation (158). 

Technical problems are common in continous SjvO2 monitoring including 
a low rate of good quality monitoring time ranging from 43- ~90% (156;159) 
and a high percentage of false positive desaturations (160). In all, although 
interesting clinical data may be obtained with SjvO2 monitoring, its value 
and role in the NCC of TBI or SAH patients remains to be established 
(15;17). 
 



 21 

 
Figure 2. Multimodality monitoring in our NCC unit at the University hospital in 
Uppsala. 

Brain tissue oxygenation, PbtiO2 
Brain tissue oxygenation, PbtiO2, has been used for the last decades and 
provides continuous information of focal brain tissue oxygenation via a thin 
electrode usually placed in the frontal white matter (15), either in the non-
injured area as a global estimate of cerebral oxygenation or in the penumbra 
of a focal lesion (15;161). After TBI, cerebral oxygenation may vary be-
tween various regions of the brain (148). Under normal conditions, PbtiO2 
values are between 25-30 mmHg (162) and the critical ischemic threshold is 
estimated to be 10–15 mmHg (163-165). Ischemic periods are commonly 
observed after severe TBI, which negatively correlate with patient outcome 
(15;156;162;166-170). Although low PbtiO2 values are associated with poor 
outcome, it has not been established whether an increased PbtiO2 can posi-
tively influence outcome (148). One previous study showed that PbtiO2- 
guided therapy resulted in a decreased duration of cerebral hypoxia, although 
without significantly improving outcome after TBI (171). Recently, a clini-
cal TBI trial evaluated the efficacy of PbtiO2 monitoring to help guide CPP 
management and it was concluded that reduced PbtiO2 may occur despite 
adequate CPP (172). These results suggest that PbtiO2 may provide addi-
tional useful information in TBI patients. To date, the diagnostic and prog-
nostic value of PbtiO2 monitoring remains to be determined (112). In SAH 
patients, PbtiO2 monitoring may be used to indicate impending ischemia due 
to vasospasm and PbtiO2 levels may be related to outcome (173;174).  
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Microdialysis, MD 
Microdialysis (MD) was first introduced as a tool to sample from the inter-
stitial fluid in the 1970s (175-177). MD was later introduced as a neuro-
chemical monitoring tool in NCC in 1992 (178). MD is used to measure 
focal brain neurochemistry via a catheter equipped with a semi-permeable 
membrane attached to a perfusion pump. The catheter is perfused with a 
fluid with similar composition as the interstitial fluid, frequently artificial 
CSF, enabling transport of molecules due to a concentration gradient across 
the membrane. The concentration of a certain molecule in the dialysate will 
then be proportional to the concentration in the interstitial fluid of the brain 
if the perfusion rate is kept constant (177). MD enables measurement of 
several low-molecular weight metabolic markers such as glucose, pyruvate, 
lactate and glycerol (33). In addition, the lactate/pyruvate ratio (LPR) is re-
garded as a sensitive and specific MD marker of ischemia (179). The MD 
probe can be placed either in normal brain tissue to measure global cerebral 
neurochemical events occurring at e.g. high ICP (177;180) or in tissue at risk 
such as the penumbra zone or in vascular territories at risk for vasospasm 
(179). Studies with two MD probes, one in macroscopically intact tissue and 
one in pericontusional tissue, have shown important neurochemical differ-
ences between these two tissue areas (181-184). Today, numerous NCC cen-
ters world-wide regularly use MD in the clinical setting for the detection of 
biomarkers and to monitor signs of ongoing energy metabolic disturbance in 
TBI and SAH patients. However, the role for MD in clinical decision mak-
ing have not been established, to date (180;185;186). 

Continuous Electroencephalogram, cEEG 
Continuous electroencephalogram, cEEG, is accomplished by recording of 
the electrical activity of the brain and can be used routinely in the NCC and 
be valuable for the monitoring of cerebral function (187). Using this tech-
nique, occult seizure activity was detected in 15-18 % of patients with mod-
erate- to severe TBI (188;189) and is routinely used for the monitoring of 
sedation depth in patients treated with sodium pentobarbital (190). Monitor-
ing with cEEG is also recommended in patients with poor-grade SAH (191). 
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The neurological wake-up test, NWT 

The first publication by Plum and Posner in 1966 (192) and the description 
of the Glasgow Coma Scale (GCS) by Teasdale and Jennet in 1974 (193) 
caused a marked improvement of the standardized neurological assessment 
of TBI patients. 
 
 

 RLS GCS 
Conscious 1 15-14 Minor TBI GCS 15 
 2 15-13 Mild TBI GCS 14-15 
 3 13-9 Moderate TBI GCS 9-13 
Unconscious 4 7-9  
 5 6-7  
 6 5 Severe TBI GCS 3-8 
 7 4  
 8 3  

Table 2. Comparison between the Reaction Level Scale (RLS) and Glasgow Coma 
Scale (GCS) scores. 

In patients with acute brain injury, assessment of the level of consciousness 
according to the Reaction Level Scale (RLS) (194) and/or Glasgow Coma 
Scale (GCS) (193) scores should ideally be performed initially after resusci-
tation, in the emergency room and during NCC (2;5;195). Additionally, SAH 
patients are often assesed to either the Hunt & Hess scale (196) or the WFNS 
(197) scale.The indication for repeated neurological assessments (neurologi-
cal wake up tests, NWTs) is to detect neurological deterioration that can only 
be detected by a clinical examination. Immediate detection of early (brain 
edema, rebleeding) and late (e.g. delayed cerebral ischemia secondary to 
cerebral vasospasm) complications in the course of SAH, intracerebral hem-
orrhage and TBI may improve outcome (18). Unfortunately, continuous 
sedation can mask important changes in the neurological condition of the 
patients, changes that can only be elucidated by a NWT (18;198).  

Studies in general ICUs have shown that interruption of continuous seda-
tion in combination with head–of-bed elevation, deep vein thrombosis pro-
phylaxis and peptic ulcer prophylaxis may be associated with a decreased 
risk for ventilator-associated pneumonias (199-201), a reduction of the dura-
tion of mechanical ventilation and a decreased length of stay in the ICU 
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(202;203). However, in a randomized control trial, a subgroup of TBI pa-
tients did not show a decreased ventilator time or ICU stay when sedation 
was interrupted on a daily basis compared to controls (204). Since delayed 
weaning from mechanical ventilation may increase the risk of infection and 
cause a higher mortality (205-208), reduced ventilator time is desirable. On 
the other hand, NWTs may have negative effects in the NCC setting since 
interruption of continuous sedation may induce a stress response causing 
increased metabolic demands for the injured and vulnerable brain and its use 
is controversial (18). In our NCC unit we have taken the approach of fre-
quent interruptions of propofol sedation to enable serial assessments of the 
RLS and GCS scores with the aim to detect neuroworsening and to guide 
clinical management of the patients. The indication for NWTs is thus not 
only to detect neurological signs indicating the development of e.g. intracra-
nial hematomas or delayed neurological ischemic deficits requiring prompt 
intervention, improved neurological status of the patient can also suggest 
altered therapies including extubation. Importantly, this procedure is not 
mentioned in any available guidelines (11;14;209) and its use may vary con-
siderable among NCC centers. 

Figure 3. Performing the neurological wake-up test, NWT.  
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Sedation in NCC  

Sedation in general intensive care practice is used for many reasons, e.g. to 
limit the stress response, to improve patient comfort and general ICU care, 
for endotracheal tube tolerance and to facilitate ventilatory support (210-
213). In NCC, additional reasons for using continuous sedation include ICP 
and CPP control, attenuation of the marked TBI-induced sympathetic dis-
charge and a reduction of the cerebral energy metabolic demands 
(198;214;215). In NCC patients, sedation may also be used as a specific 
therapy (198). However, it has never been proved that the use of sedatives 
can positively influence outcome (209). Although mechanical ventilation 
may be life-saving for a critically brain-injured patient, it is not without risk 
and large amounts of sedatives are frequently required (216;217). Unfortu-
nately, mechanical ventilation in combination with high-dose sedatives is 
associated with a significant morbidity (218-221). A survey published in 
2003 showed that midazolam or propofol in combination with an opioid 
were the preferred drugs in Swedish ICUs and that neuromuscular blocking 
agents were rarely used (222).  

There are several potential sedatives that may be used in the NCC, the 
choice of which may influence e.g. ICP and CPP control and cardiovascular 
stability. Additionally, the choice of sedative also influences the possibility 
to perform repeated neurological evaluation, the NWT, of the patient due to 
the half-life of the compound. Similar to in general ICU, the two most com-
mon sedatives used in NCC are midazolam and propofol (223-225), re-
viewed below, and they may be used in combination with analgesia such as 
opioids. Interestingly, very few clinical studies have compared these two 
sedative agents. In an experimental TBI study, propofol-anaesthetised ani-
mals had a worse outcome when compared to brain-injured, midazolam-
anaesthetised controls (226). One clinical TBI study compared the effects of 
midazolam and propofol on brain injury biomarker concentration in plasma 
and patient outcome and found no differences between these sedatives (224).  

Additionally, barbiturates may be used in the situation of increased ICP 
refractory to conventional management (190). Due to the common and po-
tentially dangerous adverse effects of barbiturates and their long half-life, 
their use in routine NCC care is controversial (214;227). In the present the-
sis, propofol and midazolam were the sedatives predominately chosen in 
Scandinavian NCC centers and are reviewed below.  
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Propofol 
Propofol is a short- acting intravenous agent that is chemically unrelated to 
other clinically used general anesthetics (228), and it reduces CBF and ICP 
by reducing the cerebral metabolic rate of oxygen (229-231). The rapid onset 
and short duration of action (half-life in plasma of 2-4 min) makes propofol 
advantageous for use in NCC (214). The use of propofol can result in the 
propofol infusion syndrome (PrIS) including rhabdomyolysis, acute renal 
failure, severe metabolic acidosis, bradyarrythmias, cardiac arrest, dyslipi-
demias and hypotension. Risk factors for PrIS are propofol doses of higher 
than 5mg/kg/h and a duration of more than 48 hours combined with cate-
cholamine and steroid administration (198). Thus, recommended infusion 
doses of propofol are <4 mg/kg/h (232). When using propofol sedation, the 
myocardial effects leading to reduced systemic blood pressure may be the 
most important clinical adverse effect. On the other hand, the major advan-
tages for propofol over midazolam may be its superior metabolic suppressive 
effects and short half-life (27). Additionally, patients sedated with propofol 
may have shorter time to extubation compared to patients sedated with mi-
dazolam (233-236).  

Midazolam 
Midazolam is a common benzodiazepine used in NCC patients, popular due 
to its rapid onset and rapid recovery (198). However, when administered as a 
continuous infusion for more than 24 hours, its half-life may increase due to 
an accumulation of active metabolites (198;237) and escalating doses are 
also frequently required (238). Midazolam is lipid-soluble and accumulates 
in peripheral tissues, particularly in obese patients, and in the bloodstream 
(238;239). Thus, available sedation guidelines recommend that midazolam 
should only be used for short–term sedation in the ICU (240). Midazolam 
has only minimal effects on the cardiovascular systems in euvolemic patients 
(239), and is a potent anticonvulsant drug frequently used to reduce seizures 
in NCC patients (214;241). Compared to propofol, midazolam has less influ-
ence on cerebral metabolism and only marginally reduces the cerebral meta-
bolic rate of oxygen, rCBF and ICP (215). Midazolam has no analgesic 
properties and is frequently combined with an opioid, reviewed below. 

Opioids 
Opioids are endogenous or exogenous substances that bind to receptors 
found in the central nervous system and peripheral tissue. The primary effect 
of opioids is analgesia. Some redcuction of anxiety is also common, and it 
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has no amnestic properties (239). Morphine, fentanyl, sufentanyl, alfentanil 
and remifentanil may all lead to a vagus-mediated bradycardia (242), but 
they cause only minimal hemodynamic effect (239). Opioids depress ventila-
tion in a dose-dependent manner (239). Morphine, the prototypical opioid, 
has a low lipid solubility and a slow onset of action with a half-life of 2-3 h 
in healthy adults (243). Newer synthetic opioids like fentanyl have high lipid 
solubility and a very rapid onset of action (244) making them suitable for 
analgesia in the intensive care unit (215). Common side effects of opiates 
include nausea, vomiting and decreased gastrointestinal motility (239). 
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Aims of present investigations 

General aim 
The general aims of this thesis were to explore the physiological and bio-
logical reponse to the repeated neurological evaluation, the neurological 
wake-up test (NWT), in patients with TBI and SAH treated with mechanical 
ventilation and continuous intravenous sedation.  

Specific aims 
To evaluate if the NWT would lead to changes in ICP and CPP when applied 
to mechanically ventilated patients with severe TBI or SAH (Paper I). 
 
To evaluate if the NWT induces a biochemical stress response resulting in 
increased levels of the stress hormones cortisol, adrenocorticotrophic hor-
mone (ACTH), epinephrine and norepinephrine in TBI patients (Paper II). 
 
To compare the routine use of monitoring tools, choice of sedation and anal-
gesia and the frequency of NWT in neurosurgical units treating TBI and 
SAH patients in Sweden, Norway and Denmark (Paper III). 
 
To evaluate if the NWT induces changes in focal brain neurochemistry, 
brain tissue oxygenation and jugular venous saturation in TBI patients (Pa-
per IV). 
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Material and methods 

NCC management 
Patients >16 years old with a severe TBI or SAH and with a requirement for 
mechanical ventilation and continuous propofol sedation were included in 
the present studies. TBI patients were treated in our NCC unit using an ICP- 
and CPP-guided protocol including mild hyperventilation (PaCO2 30–35 
mmHg; 4.0–4.5 kPa (114)), head elevation (30˚), and careful volume expan-
sion to obtain normovolemia aiming at a central venous pressure (CVP) of 
0–5 mmHg (5). Surgery for the evacuation of space-occupying focal mass 
lesions was performed when clinically indicated. 

In all SAH patients, an urgent angiography was performed. If an aneu-
rysm was detected, it was coiled or clipped prior to the inclusion in the pre-
sent studies. SAH patients were treated in our NCC with normoventilation, 
oral or i.v. nimodipin and CSF drainage when needed, most commonly 
against a pressure of 15 mmHg (245). After the aneurysm was secured, we 
aimed at a CVP of 5–10 mmHg for the prevention of vasospasm. The clini-
cal monitoring of all patients included ICP, CPP, heart rate, CVP, oxygen 
saturation (SaO2) and mean (MABP), systolic and diastolic blood pressure 
via a radial artery catheter. All patients received enteral feeding via a na-
sogastric tube and arterial blood gases and blood glucose were frequently 
monitored, a minimum of four times daily. ICP was monitored either by 
using an EVD (Smiths medical, Sollentuna, Sweden) or a parenchymatous 
transducer (Codman® Johnson & Johnson, Ascot, Berkshire, UK or 
Neurovent-PTO® Raumedic AG, Munchenberg, Germany). 

We use a standardized surveillance for TBI and SAH patients and a 
treatment protocol for each of the following avoidable factors: hyperthermia, 
hypoxia, hypotension, hyperglycemia, increased ICP, low CPP and seizures 
(see Table 2). 
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Table 2. Avoidable factors, treatment goals and therapeutic options at the NCC unit,  
Uppsala University hospital. 

Avoidable factor Monitoring tool Treatment goal Therapeutic options 

Hyperthermia 
Urinary temperature 
catheter < 38.0° 

Paracetamol, cooling blan-
ket, chlorpromazine, treat 
infection 

Hypoxia 
Arterial blood samples, 
Saturation probe 

PaO2 >12 kPa,  
SaO2 > 96 % 

Increase FiO2, airway suc-
tion, treat pneumonia, in-
crease PEEP, lung recruit-
ment 

Hypotension Radial artery catheter > 100 mmHg 
Colloid solutions, modify 
sedation, inotropic agents 

Hyperglycemia Arterial blood samples 5- 10 mmol/L 
Intermittent insuline injec-
tions or continuous infusion 

Increased ICP 
ICP monitor (EVD or 
intraparenchymatous) < 20 mmHg 

Sedation, analgesia, CSF 
drainage, mild hyperventila-
tion, surgery 

Low CPP 
ICP monitor and radial 
artery catheter > 60 mmHg 

Modify sedation, inotropic 
agents, ICP lowering treat-
ment, normovolemia 

Seizures Clinical inspection or 
cEEG 

No seizure  
activity 

Antiepileptic drugs, sedation 

Study procedure and patient selection 
All patients in these studies were conveniently recruited. For both TBI and 
SAH patients, we use a sedation protocol using a combination of continuous 
i.v. propofol infusion (1–4 mg/kg/ h Propofol- Lipuro, B.Braun Melsungen 
AG, Melsungen, Germany) and intermittent i.v. morphine analgesia (1–3 mg 
Morfin Meda, Meda, Sollentuna, Sweden). In all patients, sedation was ad-
justed to endotracheal tube tolerance and to achieve ICP control. Vasopres-
sors (dobutamine and/or norepinephrine) were used when indicated to main-
tain a CPP of > 60 mmHg. To evaluate the effects caused by NWT, all pa-
rameters were evaluated at baseline, during continuous propofol sedation. 
After the sedation was interrupted, NWT-induced changes could then be 
analysed.  

In the first study, Paper I, we analyzed changes in ICP and CPP caused by 
the NWT in SAH and TBI patients. In Paper II, we evaluated NWT-induced 
changes in stress hormones (cortisol, ACTH, catecholamines OBS-kolla 
stavning) compared to baseline. Using a similar study design, in paper IV we 
evaluated NWT-induced changes in PbtiO2, SjvO2, AVD for O2, glucose and 
lacatate and interstitial energy metabolic marker using MD. In Paper III, we 
hypothesized that routine NCC would differ among the Scandinavian coun-
tries and we evaluated aspects of sedation, monitoring and the frequence of 
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the NWT in 16 units treating TBI and SAH patients in Norway, Sweden and 
Denmark using a questionnaire.  

All physiologic data in papers I, II and IV were collected the Odin soft-
ware for multi-modality monitoring in the ICU, developed at Uppsala Uni-
versity and Edinburgh University (246) and average values for each minute 
were saved into a database. Data were then extracted from the database and 
analyzed. The study design and time for analysis of the various parameters 
are explained in Figure 4. Exclusion criterias in these studies were age < 16 
year, recent or ongoing pentobarbital infusion and patients with a depressed 
level of consciousness without a need for continuous propofol sedation for 
ICP control or endotraceal tube tolerance. Patients who showed markedly 
increased ICP when the NWT was performed were also excluded. 
 

 
Figure 4. Study design. The division of the neurological wake up test (NWT, indi-
cated with an open arrow into phases used for the presentation of ICP and CPP data 
(paper I) and jugular venous oximetry and brain tissue oxygenation data (paper IV). 
The time points for sampling of intracerebral microdialysis (MD) vials at the differ-
ent flow rates (paper IV) and ACTH, cortisol, epinephrine, norepinephrine (paper II) 
and arterial-venous differences (AVD) are indicated with solid arrows.  

NWT procedure 
Following interruption of continuous propofol sedation, the NWT was per-
formed to evaluate the level of consciousness and to determine if there had 
been changes in the status of the patient, improvement or neuroworseing, to 
help guiding clinical management. For all NWTs, the patients were in the 
supine position and sufficiently awakened from sedation to enable the test. 
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Evaluation of the level of consciousness during the NWT was performed 
according to motor component of the Glasgow Coma Scale score (GMS) 
(193) and/or the reaction level scale (RLS-85) (194). Pupil size and reactiv-
ity to light and the presence of any focal motor deficits were evaluated. 
When sufficiently awakened from sedation, the patient was asked to obey 
simple commands, e.g. squeeze a hand or move a foot. If the patient failed to 
obey these commands or give eye contact, a painful stimulation was admin-
istered at the angel of the jaw and the motor response of the patient was 
noted. Each member of the NCC staff is well trained in the standardized 
NWT procedure (Figure 3) and the test is most frequently performed by the 
NCC nurses. 

Paper I 
In this study, 21 patients (8 women and 13 men) with a mean age of 50 years 
(range 17–77 years), with moderate to severe TBI or SAH were included. 
There were 12 patients with TBI (10 men, 2 women; mean age 42 years) and 
9 patients with SAH (6 women, 3 men; mean age 62 years). All patients 
were included at day 1–6 following the onset of SAH or TBI and evaluated 
for 1–7 days following initiation of ICP monitoring. A protocol was created 
on which the staff nurse noted the time (1) for interruption of profol infu-
sion, (2) when the GMS/RLS scores were obtained, (3) when the propofol 
infusion was reinstated and (4) when the ICP and CPP again reached base-
line values. 

For evaluation of data (ICP, CPP, MABP and saturation), the NWT pro-
cedure was systematically divided into five phases. 

Phase 0: Baseline- defined as the last four minutes prior to interruption of 
continuous sedation. 

Phase 1: when propofol sedation was interrupted until the patient was suffi-
ciently awakened from sedation to allow evaluation of the level of con-
sciousness. 

Phase 2: when evaluation of the level of consciousness was performed (in-
cluding the administration of painful stimuli in the majority of patients) until 
i.v. propofol infusion was reinstated including administering a bolus dose of 
propofol and morphine. 

Phase 3: when propofol infusion was reinstated until ICP and CPP levels 
again reached baseline values. 

Phase 4: A four minutes period following return to baseline ICP levels. 
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Paper II 
In this study, NWT-induced changes in stress hormones (Adrenocorticotro-
phic hormone [ACTH], cortisol and catecholamine [epinephrine (E) and 
norepinephrine (NE)]) levels were evaluated. In this paper, a total of 24 pa-
tients with a moderate- to severe TBI were included. Exclusion criteria other 
than those mentioned previously were patients with renal failure, malnutri-
tion, known untreated hypo/hyper-thyroidism, uncontrolled diabetes melli-
tus, obvious abstinence reactions or uncontrolled seizures due to known in-
teractions with the neuroendocrine systems (247-249). 

ACTH, epinephrine and norepinephrine levels in plasma and cortisol lev-
els in saliva were analyzed at baseline (during continuous propofol sedation 
and samples obtained 10 min prior to the interruption of propofol infusion) 
and immediately after NWT. The patients were included in the study be-
tween post- injury day 1- 5 and each patient was followed up to 8 days post-
injury (range 1-8 days). Because of the potential circadian rhythmicity in 
stress hormone levels, all samples were obtained at 3 pm (250-252). Since 
Dobutamine (Hospira Inc, Lake Forest, IL 60045, USA) or Norepinephrine 
(Abcur AB, 37175 Karlskrona, Sweden) infusion was frequently needed for 
inotropic support, only ACTH and cortisol levels were evaluated in these 
patients. 

Plasma ACTH levels were analyzed using a solid-phase, two-site sequen-
tial chemiluminescent immunometric assay (Iimmulite 2500, DPC, Los An-
geles, CA, USA) and plasma catecholamines were analyzed using routine 
high performance liquid chromatography (HPLC) technique. Cortisol was 
analyzed in saliva using a cotton swab that was placed sublingually for 10 
minutes and then placed in a plastic container until analysed. The cortisol 
samples were analyzed using the SPECTRIA® Cortisol RIA radioimmuno-
assay method (Orion Diagnostica, Oy, Espoo, Finland). 

Paper III 
A systematic survey, using a questionnaire, was performed in all 16 Scandi-
navian centers providing NCC. These university centers are either special-
ized NCC centers or general intensive care units (ICU) experienced in brain 
injury management. A questionnaire was sent via mail together with a cover 
letter to the director of each NCC/ICU in the Scandinavian countries during 
1999, 2004 and 2009. The questionnaire contained questions regarding 
choice of anaesthetic and sedative agents, frequency of the NWT and moni-
toring techniques. To enhance response rate, we aimed for a few and 
straightforward questions.  
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The questions also gave the respondents the opportunity to expand or ex-
plain each answer in detail. In brief, the main questions in the questionnaire 
were: 

 
1. What kind of monitoring is routinely used for sedated and intubated 

patients with TBI or SAH (multiple choices) 
 
 

MABP Parencymatous ICP  
monitoring 

Cerebral MD 

ICP Arterial catheter BptiO2  

CPP CVP EEG 

Extra ventricular drainage 
(EVD) 

SjvO2 monitoring EtcO2  

 
2. What is your routine choice of sedative agent used for 

a: continuous infusion  
b: intermittent injection  

 
3. How frequently (during a 24 hour period) is the continuous i.v. sedation 

interrupted in order to enable evaluation of the level of consciousness? 
 

When the written answer was unclear, a telephone interview was used 
for clarafication. 

Paper IV 
In this study, NWT-induced changes in interstitial neurochemistry (glucose, 
lactate, pyruvate, glutamate, glycerol and calculated LPR), cerebral oxy-
genation (PbtiO2, SjvO2) and arterial-venous differences of oxygen, lactate 
and glucose were evaluated in seventeen TBI patients. NWT-induced 
changes in these parameters were evaluated in relation to baseline (during 
continuous propofol sedation). Twelve patients had MD, eight patients 
PbtiO2 and six patients SjvO2 monitoring. The patients were included 1-4 
days post injury and were followed up to 10 days post injury (range 1-10 
days). 

For evaluation of SjvO2, the time for when the baseline and NWT sam-
ples were drawn was also noted. 

To evaluate neurochemical changes by NWT using MD, the microinfu-
sion flow rate was altered to enable evaluation both at the routine, 0.3 
µL/min, and increased flow rate of 1.0 µL/min. MD sampling were started 
for a minimum of 30 minutes prior to the interruption of the continuous pro-
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pofol sedation and continued at least 45 minutes after the NWT was per-
formed (Figure 4).  

The PbtiO2 and SjvO2 values were analyzed in NWT phases (vide supra 
and Figure 4). SjvO2 and AVD for O2, gluose and lactate in blood were ana-
lyzed by simultaneous drawing blood samples from the jugular bulb catheter 
and the arterial line at baseline (during continuous propofol sedation) and 
immediately after performing NWT (Figure 4). 

Statistical methods 
All data was evaluated for normal distribution. In paper I and IV (ICP, CPP, 
PbtiO2 and continous SjvO2), changes between the NWT phases were ana-
lyzed with a repeated measures analysis of variance (ANOVA) and, if p< 
0.05, followed by Bonferroni post-hoc test. The stress hormones, AVD and 
MD levels in paper II and IV were not normally distributed and comparisons 
between baseline and NWT values were analyzed using the Wilcoxon signed 
ranks test. For the correlation data in paper II, the non-parametric Spear-
man’s rho was used. Parametric data were presented as means + SD. Non-
parametric data were presented as medians, the 25th and 75th percentiles and 
range. 

All statistics in paper I II and IV were performed using SPSS 17.0 or 19.0 
(SPSS Inc, Chicago, IL, USA).  

Ethical considerations  
All these studies were approved by the Regional Research Ethical Rewiev 
board at Uppsala University and written informed consent was obtained by 
the patients’ closest relative. All studies followed the principles of the Decla-
ration of Helsinki (253). 
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Results and discussion 

Paper I 
In this study, patients with moderate-severe TBI or SAH who were mechani-
cally ventilated were investigated for changes in ICP and CPP levels when 
the continuous propofol sedation was interrupted to perform the NWT. A 
total of 127 NWT procedures were evaluated in 21 SAH and TBI patients, 
with a mean of six NWT (range 1-16) per patient. The mean NWT duration 
was 42 ± 20 minutes (range 12-127 min) and the time from interruption of 
sedation until the NWT was performed was 23 ± 16 minutes (range 3-109 
minutes). 

The NWT procedure caused an increase from a mean baseline ICP of 12.7 
± 6 mmHg to 20.7 ± 11 mmHg during NWT (p <0.05; Figure 5). In patients 
with TBI, ICP increased from a mean baseline value of 13.4 ± 6 mmHg to 
22.7 ± 12 mmHg during NWT (p <0.05). Patients with SAH had a mean 
baseline ICP of 10.6 ± 5 mmHg which increased to 16.8 ± 8 mmHg during 
NWT (p <0.05). In nine TBI patients, ICP increased to >30 mmHg during 
the NWT procedure, with the highest ICP level reaching 71 mmHg. In four 
SAH patients, ICP increased to >30 mmHg with the highest ICP level reach-
ing 53 mmHg during NWT. 

During the NWT procedure, CPP increased from a mean baseline level of 
75.9 ± 12 mmHg to 81.1 ± 19 mmHg (p <0.05). In TBI patients, CPP in-
creased from a mean baseline of 75.6 ± 11 mmHg to 79.1 ± 21 mmHg dur-
ing NWT and in SAH patients, CPP increased from a mean baseline of 76.9 
± 13 to 84.6 ± 15 mmHg (p <0.05; Figure 5). CPP decreased to <50 mmHg 
in four TBI patients during NWT, where the lowest CPP level was 29 
mmHg. The lowest recorded CPP value in SAH patients during NWT was 
44 mmHg. In two SAH patients, the CPP increased to >110 mmHg during 
NWT and the highest CPP value was 120 mmHg. 

The main findings of this study were that both ICP and CPP levels were 
significantly increased during the NWT procedure compared to baseline. 
Neuroworsening, defined as occurrence of pupillary abnormalities and/or a 
deterioration according to the RLS (194) or the motor component of the 
Glasgow Coma Scale (193), is frequently observed in brain-injured patients 
and its detection may be crucial in the care of both SAH and TBI patients. In 
particular, the detection of complications such as temporal hematomas or 
brain edema in TBI patients or a focal neurological deficit due to vasospasm 
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post-SAH may be delayed if only ICP and CPP monitoring and intermittent 
radiological evaluation is used. Therefore, in our NCC, we use continuous 
propofol sedation to facilitate frequent NWTs since it is our experience that 
the information obtained by the NWT helps to guide clinical management of 
TBI and SAH patients. The observed ICP and CPP increases were modest in 
the majority of SAH and TBI patients. However, individual patients showed 
marked ICP and/or CPP changes that may have caused a secondary insult to 
the injured brain. It can be concluded from this study that the NWT was safe 
in most patients, but should be used with caution or not at all in patients 
responding with marked changes in ICP and/or CPP.  

 
A 

 
B 

 
Figure 5. Changes in (A) ICP and (B) CPP during interruption of sedation and NWT 
in TBI and SAH patients. Phase 0= Baseline values; phase 1= Continuous propofol 
sedation was interrupted (white arrow) phase 2: Evaluation of the level of con-
sciousness was performed; phase 3: propofol infusion was reinstated (black arrow) 
phase 4; stable baseline levels were reached. A statistically significant difference, 
compared to phase 0 baseline values, is indicated with *. 
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Paper II 
After a pilot study, in which several stress-related hormones were evaluated, 
cortisol, ACTH, epinephrine and norepinephrine were chosen for detailed 
analysis. In total, 24 patients with moderate-severe TBI were included be-
tween post-injury days 1-5 and were followed up to eight days. In all, 
changes in these stress hormones were not correlated to the level of con-
sciousness of the patient or the ICP response. 

Plasma ACTH 
A total of 130 (65 pairs) ACTH samples were analyzed. At baseline, ACTH 
levels were 10.6 (6.0- 19.4) ng/L (range <5-86 ng/L). Immediately after the 
NWT, plasma ACTH levels increased to 20.5 (11.1- 48.4) ng/L (range <5.0-
145 ng/L) (Figure 6), corresponding to a median increase of 72.5% (range -
45.2%- 2760%; p <0.05). 

 
Figure 6. Changes in levels of plasma adrenocorticotrophic hormone (ACTH) at 
baseline and immediately after the neurological wake-up test, NWT, presented as 
medians and individual values. ACTH levels were significantly increased (*p < .05) 
by the NWT procedure in comparison to the levels obtained at baseline during con-
tinuous propofol sedation. 

Saliva Cortisol 
A total of 90 (45 pairs) saliva cortisol samples were analyzed. At baseline, 
cortisol levels were 16.0 (10.7-31.8) nmol/L (range 2.5-272 nmol/L). During 
the NWT, cortisol levels increased to 24.0 (12.3-42.5) nmol/L (range 3.2- 
225 nmol/L) (Figure 7), corresponding to a median increase of 30.7% (range 
-40.2-131%; p <0.05). 
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Figure 7. Changes in levels of saliva cortisol at baseline and immediately after the 
NWT presented as medians and individual values. After the NWT, median cortisol 
levels were significantly (*p < .05) higher when compared to baseline values ob-
tained during continuous propofol sedation. 

Catecholamines 
Since several patients received inotropic support, plasma epinephrine and 
norepinephrine could only be analyzed in eight patients and a total of 24 (12 
pairs) samples were analyzed. 

Epinephrine 
At baseline, plasma epinephrine (P-E) levels were 0.3 (0.3-0.6) nmol/L 
(range <0.3-1.3 nmol/L). During NWT, P-E levels increased to 0.75 (0.3-
1.4) nmol/L (range <0.3-3.9 nmol/L) (Figure 8), corresponding to a median 
increase of 87.5% (range 0-200%, p <0.05). 

Norepinephrine 
At baseline, plasma norepinephrine (P-NE) levels were 1.6 (0.9-2.3) nmol/L 
(range 0.3-5.4 nmol/L). During NWT, P-NE levels increased to 2.8 (1.28-
3.58) nmol/L (range 0.4-5.8 nmol/L) (Figure 8), corresponding to a median 
increase of 40.4 % (range -42.9- 200 %, p <0.05). 
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Figure 8. Changes in the levels of plasma epinephrine (A) and norepinephrine (B) at 
baseline and immediately after the neurological wake-up test (NWT), presented by 
medians and individual values. Both the epinephrine and norepinephrine levels were 
significantly (*p < .05) increased by the NWT procedure in comparison to baseline 
values obtained during continuous propofol sedation. 

In previous reports, plasma ACTH levels were relatively low in patients with 
severe TBI in contrast to high cortisol levels (254). A marked variability in 
ACTH concentration is common initially following TBI where low plasma 
ACTH concentrations were associated with a higher intensive care unit sur-
vival (254-256). In this study, baseline values of ACTH were low although 
following NWT, there was a significant and marked increase in serum 
ACTH levels. 

We also evaluated cortisol levels in saliva due to the rapid changes that 
may occur in plasma cortisol and since salivary cortisol may be better for 
assessing dynamic changes in the hypothalamic-pituitary-adrenal (HPA) axis 
(257). We found that cortisol levels in saliva were significantly increased 
after NWT compared to baseline. Although the NWT increased cortisol lev-
els, the absolute increase was small and variable and the importance of this 
rise in cortisol is yet unclear. Further studies also evaluating plasma cortisol 
changes may be needed to establish the magnitude of cortisol changes in-
duced by the NWT. We observed that P-E although not P-NE levels were 
increased at baseline, compared to the reference values used for healthy in-
dividuals. Although the NWT-induced increases in catecholamine levels 
were significant, the absolute levels were not markedly changed and, in the 
case of NE, did not reach beyond the reference values. Experimental data 
has shown that administration of NE attenuates the motor impairment after 
TBI in rats and mice (258-262). Although NE administration in high doses 
may theoretically lead to an increased risk for local microthrombosis forma-
tion, this risk at the current NE levels is likely minimal (263).  

The baseline levels for the stress hormones measured in the present report 
likely do not reflect a true resting state due to the numerous stimuli that may 
influence a patient in a NCC setting. Additionally, the propofol sedation may 
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also blunt the adrenal response and the influence on the HPA axis. In previ-
ous studies, the adrenal response was affected both by high-dose propofol 
(247) and barbiturate coma (247;264). From this study, we could conclude 
that the NWT induces a biochemical stress response in TBI patients. Ad-
verse effects on the injured and vulnerable brain caused by high levels of 
stress hormones, particularly cortisol, have previously been suggested 
(265;266). In contrast, any deleterious effect on the injured brain caused by 
the rather low absolute increases in stress hormone levels observed in this 
study may be unlikely although needs to be determined. However, these data 
should be considered when establishing routines for the frequency of NWTs 
in the neurocritical care unit. 

Paper III  
In this paper, the monitoring techniques (1), sedation principles (2) and fre-
quency of the NWT (3), used in the NCC of intubated patients with severe 
TBI or SAH were evaluated in all 16 NCC centers in Scandinavia (Sweden, 
Norway, Denmark) using a questionnaire that was repeated in 1999, 2004 
and 2009. 

The results indicated that monitoring of ICP, MABP and CPP was rou-
tinely used in all centers. In contrast, the use of newer monitoring techniques 
such as microdialysis, PbtiO2, SjvO2 and cEEG monitoring was only infre-
quently used.  

The routine sedation protocols were also evaluated and it was found that 
the NCC centers equally used either midazolam or propofol for continuous 
sedation (Figure 9). Additionally, most of the NCC centers also use a con-
tinuous infusion of analgesia that varies between morphine, fentanyl, sufen-
tanil and remifentanyl. In 2009, fentanyl was the most commonly used anal-
gesic, used by 9 centers. 
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Figure 9. Choice of sedation in Scandinavian NCC centers during the years 1999-
2009. Black bars= Midazolam, Hatched bars= Propofol. * = Two centers used mida-
zolam or propofol infusion with equal frequency. ** = One center used midazolam 
or propofol infusion with equal frequency. 

Finally, the use of the NWT was evaluated and in 1999 and 2004, nine of the 
Scandinavian centers never routinely performed the NWT (Figure 10).  

In 2009, there were eight Scandinavian NCC centers that never used the 
NWT in the routine care of TBI or SAH patients. The majority of the re-
maining centers performed the NWT 1-3 times daily and one center, our own 
in Uppsala, had the highest frequency of NWTs (4-6 times per day). 

 
Figure 10. The use of NWTs in Scandinavian NCC centers during the  
period 1999-2009. 

In this study, it was shown that there are numerous differences in routine 
NCC practice including the choice of monitoring and sedatives for TBI or 
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SAH patients among NCC centers in countries with a very similar health 
care structure. Neuroworsening and delayed ischemic deficits are well-
known clinical problems in the care of TBI (2) and SAH patients (267) and 
much effort is aimed at detecting and treating signs of ongoing brain damage 
in the NCC setting. Currently, all Scandinavian centers use ICP and CPP 
monitoring in patients with severe TBI or SAH techniques suggested to be 
routine monitoring of all unconscious patients (12;14). In contrast, the clini-
cal value of the additional brain monitoring techniques such as PbtiO2, SjvO2 
and MD has not been established and their use was found to vary considera-
bly among NCC centers, countries and over time. Modern NCC mandates 
that severely brain-injured patients with a depressed level of consciousness 
be treated with mechanical ventilation and continuous sedation. We ob-
served that the NCC centers equally chose either propofol or midazolam. 
Similar results, i.e. that midazolam or propofol in combination with an opoid 
were the preferred drugs, were found in a survey performed in Swedish gen-
eral ICUs in 2000 (222). Propofol may have superior cerebral metabolic 
suppressive effects and a shorter half-life compared to midazolam (27), but 
are more expensive (268) and not without side effects (268;269). Midazolam 
may thus be a useful alternative to propofol (236;270), although when given 
as a continuous infusion for more than 24 hours, accumulation of active me-
tabolites may pose a problem (198;237). Additionally, prolonged sedative 
effects of midazolam makes repeated NWTs more difficult. 

In our department, we use continuous propofol sedation to facilitate fre-
quent NWTs since it is our experience that this test helps to guide clinical 
management of TBI and SAH patients. Our results clearly indicated that the 
frequency of NWT procedure varies markedly among centers. One reason 
can be that midazolam, used in many of the evaluated centers, makes re-
peated NWTs more difficult. Likely, more important reasons include a fear 
of inducing a NWT-induced stress response and the questioned additional 
value of NWTs in patients monitored with ICP/CPP and frequent radiologi-
cal evaluations. However, the introduction of spontaneous awakening trials, 
similar to the NWT procedure, in general ICU was recently associated with 
reduced ICU stay and better outcome (203;206-208) and was suggested to 
become routine practice (206). Together, we observed numerous differences 
in NCC practice among the evaluated centers that may reflect a lack of evi-
dence-based medicine and guidelines in many aspects of NCC. These inter-
center differences may pose a problem to the introduction of novel therapies 
in NCC since multi-center trials may be difficult to conduct. Therefore, in-
creased collaboration between centers and the establishment of consensus 
guidelines may be future strategies aiming at reducing management differ-
ences in routine NCC. 
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Paper IV 
In this study, the NWT procedure was evaluated in patients with severe TBI 
and PbtiO2, SjvO2, and AVD for O2, glucose and lactate was used for the 
assessment of regional and global cerebral oxygenation. Microdialysis, MD, 
was used for the evaluation of the focal interstitial neurochemistry. Seven-
teen patients were included in the study where twelve patients had MD, eight 
had PbtiO2 and six patients had jugular bulb monitoring for SjvO2 and AVD 
measurement.  

The neurological wake-up test and MD  
In the initial study, using a MD flow rate of 0.3 µL/min, interstitial levels of 
glucose, lactate, pyruvate, glutamate, glycerol were evaluated and the lac-
tate/pyruvate ratio (LPR) was calculated (Table 3 and Figure 11). The results 
did not indicate that the NWT induced any detectable differences in any of 
the evaluated analytes. Therefore, the flow rate was increased to 1.0 µL/min 
and 32 NWTs in eight patients (one woman, seven men with a mean age of 
51.0 years) were evaluated. Similarly, the NWT did not cause any significant 
changes in the evaluated brain neurochemistry using the higher flow rate and 
improved temporal resolution (Table 4 and Figure 12). 

Table 3. Data from MD using a flow rate of 0.3 µL/minute. Data is presented as 
medians, 25th and 75th percentiles. The neurological wake-up test (NWT) did not 
induce any statistically significant differences in these low-molecular weight mark-
ers of cerebral energy metabolism. 

Analyte Baseline NWT p-value 

Glucose 2.78 (1.72- 4.66) 1.92 (1.73- 4.18) 0.465 
Lactate 5.05 (3.06- 8.60) 4.20 (2.20- 7.36) 0.144 
Pyruvate 209.0 (148.4- 247.1) 195.4 (114.7- 256.3) 1.00 
Glutamate 30.6 (7.0- 131.0) 32.7 (6.5- 136.5) 0.144 
Glycerol 63.1 (27.5- 157.8) 60.1 (25.4- 162.1) 1.00 
LPR 22.5 (18.5- 36.9) 20.8 (19.0- 28.5) 0.197 
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Figure 11. Individual 0.3 μL/min microdialysis (MD) values of glucose, lactate, 
pyruvate, calculated lactate/puyruvate ratio (LPR), glutamate and glycerol obtained 
at baseline (the resting state when the patient is sedated with continuous propofol) 
and at 21 neurological wake-up tests (NWTs). 

Table 4 Data from MD with a flow rate of 1.0 µL/minute. Data is presented as medi-
ans, 25th and 75th percentiles. The neurological wake-up test (NWT) did not induce 
any statistically significant differences in these low-molecular weight markers of 
cerebral energy metabolism. NA= Not analyzed due to small sample volumes 

Analyte Baseline NWT p-value 

Glucose 0.71 (0.45-1.00) 0.62 (0.43-1.10) 0.674 
Lactate 0.94 (0.52- 1.49) 1.06 (0.52- 1.46) 0.575 
Pyruvate 40.5 (36.2- 80.7) 50.9 (37.7- 83.6) 0.575 
Glutamate 1.23 (1.06-1.60) 1.00 (0.55- 1.74) 0.123 
Glycerol N.A N.A N.A 
LPR 17.2 (15.3-22.2) 17.3 (13.7- 24.4) 0.483 
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Figure 12. Microdialysis (MD) using a perfusion flow rate of 1.0 μL/min. The ef-
fects of the neurological wake-up test (NWT) on MD analytes compared to baseline 
samples for glucose, lactate, pyruvate, calculated lactate/puyruvate ratio (LPR) and 
glutamate. The baseline data is the mean of the four 5-min samples obtained during 
continuous propofol sedation and the NWT data is based on a single sample at 
NWT. 

The neurological wake-up test and PbtiO2 
We evaluated 51 NWTs in eight patients (seven men, one woman, mean age 
of 53.3 years) for changes in PbtiO2. At baseline the mean PbtiO2 was 28.9 + 
11.5 mmHg and at NWT the mean PbtiO2 was 30.8 + 12.4 (p =0.236) mmHg 
(Figure 13). The NWT did not induce any statistical differences in PbtiO2. 
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Figure 13. Changes in PbtiO2 during interruption of sedation and NWT in TBI pa-
tients, calculated as means per patient. Phase 0= Baseline values; phase 1= Con-
tinuous propofol sedation was interrupted phase 2: Evaluation of the level of con-
sciousness was performed; phase 3: propofol infusion was restarted phase 4; stable 
baseline levels were reached. There were no statistical changes between the phases. 

The neurological wake-up test and SjvO2 and AVD 
A total of 18 paired arterial and jugular venous blood samples from six pa-
tients were analyzed for changes in AVD for O2, lactate and glucose at base-
line and after NWT (Table 5). The continuous SjvO2 values were also evalu-
ated. The mean SjvO2 was 57.9 % + 19.1 at baseline and at NWT the SjvO2 
at was 60.4% + 21.6 (p= 0.597). No statistically significant changes in AVD 
(Table 5) or SjvO2 (data not shown) were induced by the NWT. 

Table 5. Arterial-venous differences (AVD) in oxygen, lactate and glucose levels 
obtained at baseline in the resting and sedated state, compared to when the neuro-
logical wake-up test (NWT) was performed. 

 O2 kPa       Lactate mmol/L Glucose mmol/L 

 Base-
line NWT p-

value 
Base-
line NWT p-

value 
Base-
line NWT p-

value 

Arte-
rial 

14.4 
(13.3-
16.5) 

14.4  
(11.3-
15.5) 0.528 

1.0  
(0.68-
1.23) 

1.05 
(0.68-
1.45) 0.109 

8.4 
(7.2-
9.4) 

8.2 
(6.8-
10.5) 0.673 

Jugular 
Ve-
nous 

4.9 
(4.5-
5.2) 

5.0 
(4.6-
5.8) 0.116 

1.0 
(0.78-
1.23) 

1.1 
(0.78-
1.6) 0.109 

8.1 
(6.9-
9.0) 

7.7 
(6.3-
10.2) 0.783 

AVD 

9.4 
(8.4-
11.4) 

9.3 
(6.3-
10.7) 0.6 

-0.05 
(-0.1-
0.0) 

0.0 
(-0.13-
0.0) 0.47 

0.55 
(0.35-
0.6) 

0.4 
(0.28-
0.58) 0.783 

In this paper, we used MD at the standard flow-rate 0.3 µL/min (271) to 
study the effects of NWT on interstitial energy-related compounds (pyru-
vate, lactate, glucose and the LPR). To enhance the temporal resolution, the 
flow-rate was then increased to 1.0 µL/min in 28 NWTs. The disadvantage 
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with an increased flow rate is that there will be a decreased recovery, down 
to approximately 30% (272). However, the NWT did not induce any signifi-
cant differences in any of the evaluated MD parameters at either flow rate. 

NWT was also evaluated for brain oxygenation by using both SjvO2 and 
PbtiO2. In an earlier report, the NWT caused a significant although mild 
reduction of the systemic oxygen saturation (19). After TBI, cerebral oxy-
genation may vary markedly between various brain regions (148) and sev-
eral studies have demonstrated a correlation between low PbtiO2 and out-
come in TBI patients (169;273). In this study, the PbtiO2 probe was placed in 
the non-dominant (right) hemisphere. In selected patients, placement ipsi-or 
contralateral to the side of predominant injury could have resulted in differ-
ent PbtiO2 values.  

The SjvO2 may be used to reflect changes in cerebral oxygen supply, 
cerebral perfusion and cerebral oxygen consumption since SjvO2 correlates 
positively with cerebral perfusion and inversely with cerebral oxygen con-
sumption. Commonly, a SjvO2 saturation <50% is defined as cerebral ische-
mia (150;151;274). The jugular bulb catheter also allows for the analysis of 
arterial- jugular venous difference of certain markers for brain injury, e.g. 
lactate, although its interpretation may be difficult (154;275) since the brain 
is capable of both producing or consuming lactate depending on the cerebral 
energy metabolic status (276;277). The NWT did not cause any significant 
changes in neither PbtiO2 nor the venous saturation and venous oxygenation. 

Based on the results from this study, we concluded that the NWT did not 
induce a discernible change in brain neurochemistry or oxygenation. In this 
cohort of TBI patients, it is unlikely that the NWT procedure resulted in a 
secondary insult to the injured brain.  
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Conclusions 

The neurological wake-up test, NWT, resulted in increased ICP and CPP in 
patients with TBI and SAH. In the majority of patients, the increase in ICP 
and CPP was mild and short-lasting, although in a small subset of patients 
did the NWT procedure result in markedly increased ICP and/or reduced 
CPP levels. 

The NWT caused an increase in the levels of the stress-related hormones 
cortisol, ACTH and the catecholamines epinephrine and norepinephrine 
indicating that the test induces a mild biochemical stress response. 

In 16 Scandinavian neurocritical care (NCC) units, there were marked dif-
ferences in the choice of routine monitoring tools, the choice of sedation and 
analgesia and the frequency of NWT. Approximately half of the evaluated 
centers never used the NWT in routine NCC.  

The NWT do not results in significant differences in interstitial markers for 
energy metabolism evaluated using microdialysis. In addition, the brain tis-
sue oxygenation, PbtiO2, jugular venous saturation, SjvO2, and arterial-
venous differences of oxygen, lactate and glucose were all unaltered by the 
NWT.  

The NWT induces a significant stress reponse that is mild in the majority of 
NCC patients. The results from this thesis suggest that the NWT procedure 
does not cause a significant secondary insult to the injured brain and argue 
that the NWT can safely be implemented as a clinicial monitoring tool in a 
majority of NCC patients. 
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Sammanfattning på Svenska 

Traumatisk hjärnskada (THS) och subaraknoidalblödning (SAB) är två all-
varliga sjukdomstillstånd som oftast drabbar unga till medelålders personer. 
De patienter som drabbas av THS eller SAB påverkas inte bara av den pri-
mära skadan som uppkommer vid insjuknandet utan också av skademeka-
nismer som uppstår i efterförloppet, s.k. sekundära skador. Flertalet av de 
sekundära skadorna kan undvikas om de upptäcks och behandlas i tid och 
benämns därför ofta ”avoidable factors”. 

Hjärnskadade patienter som är intuberade har vanligen kontinuerlig sede-
ring (sömnmedel) som en del av behandlingen för att kontrollera hjärntryck-
et (ICP) och genomblödningstrycket (CPP) och för att sänka hjärnans meta-
bolism. Kontinuerlig sedering kan å andra sidan dölja neurologiska försäm-
ringar som kan tillstöta på dessa patienter.  

Den övervakning som rekommenderas i guidelines för medvetslösa pati-
enter med THS är ICP mätning och beräknande av CPP. De senaste två de-
cennierna har flera nya övervakningsmetoder, till exempel intracerebral mik-
rodialys, PbtiO2 och SjvO2, utvecklats inom neurointensivvården, men vär-
det av dessa övervakningsmetoder är i nuläget ofullständigt utvärderade.  

För att bedöma medvetandegraden på medveslösa patienter med THS el-
ler SAB måste sederingen tillfälligt avbrytas vilket kan vara negativt för 
hjärnskadade patienter på grund av att det kan leda till en stressreaktion som 
kan försämra möjligheterna för den skadade hjärnan att återhämta sig. 

Upprepade kliniska neurologstatusbedömningar kan samtidigt vara nöd-
vändiga på patienter med akuta hjärnskador, då deras tillstånd snabbt kan 
förändras och kräva ändrad eller intensifierad behandling och kan anses vara 
en viktig del i övervakningen av dessa patienter. 

Detta arbete har fokuserat på förändringar som sker i samband med att 
neurologstatusbedömning genomförs, i avhandlingen kallat ”neurological 
wake-up test”, jämfört med när patienten hålls nersövd. 

I delarbete I utvärderades förändringar i ICP och CPP vid neurologstatus-
bedömning jämfört med när patienten hade kontinuerligt sömnmedel. Resul-
tatet visade att både ICP och CPP steg i samband med neurologstatusbedöm-
ningen, vid enstaka tillfällen till allvarliga nivåer. I delarbete II utvärderades 
hur stresshormonerna adrenokortikotropt hormon (ACTH), adrenalin och 
noradrenalin i blod samt cortisol i saliv påverkades av neurologstatusbedöm-
ningen. Resultatet visade att samtliga analyserade stresshormoner ökade i 
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samband med neurologstatusbedömning. Den absoluta ökningen av hormon-
nivåerna var dock relativt låg.  

I delarbete III undersöktes vilka monitorerings- och sederingsprinciper 
som används för patienter med THS eller SAB på neurointensivvårdsavdel-
ningar (NIVA) alternativt intensivvårdsavdelningar (IVA) i Skandinavien 
(Sverige, Norge och Danmark) samt hur ofta, per dygn, som sederingen av-
bryts för att utföra neurologstatusbedömning. Slutsatsen blev här att samtliga 
kliniker i Skandinavien använder ICP och CPP monitorering på patienter 
som har drabbats av THS eller SAB. Ungefär hälften av klinikerna använder 
Midazolam som sömnmedel och övriga använder Propofol. Vidare konstate-
rades att hälften av klinikerna inte rutinmässigt utför neurologstatusbedöm-
ningar på dessa patientgrupper. 

I delarbete IV utvärderades förändringar i hjärnans biokemi, syrsättningen 
i hjärnvävnad samt slutvenösa saturationen från hjärnan i samband med neu-
rologstatusbedömning jämfört med när patienten sövdes med kontinuerligt 
tillförsel av propofol. Tvärtemot resultaten från delarbete I och II förändra-
des inte nivåerna av dessa analyser av neurologstatusbedömningen. 

Sammanfattningsvis kan vi konstatera att neurologstatusbedömning, som 
kan bidra med viktig information om patientens klinska status, samtidigt ger 
ett ökat intrakraniellt tryck men också ett ökat genomblödningstryck till 
hjärnan. Neurologstatusbedömning leder också till en stressreaktion i form 
av ökade stresshormoner. Trots att neurologstatusbedömning ger ett ökat 
intrakraniellt tryck och ökade stresshormonvärden påverkar det inte negativt 
hjärnans biokemi och syresättning. Vår slutsats blir därför att i de flesta fall 
ger neurologstatusbedömning inom neurointensivvården information av vikt 
för kliniskt beslutsfattande utan att undersökningen påverkar den skadade 
hjärnan negativt. 
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