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Abstract
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Traumatic brain injury (TBI) is a leading cause for mortality and morbidity worldwide.
The primary injury has great impact on patient outcome and cannot be cured, but attentive
neurointensive care (NIC) may reduce detrimental secondary brain injuries and is the focus of
this thesis.

Some patients with severe TBI develop dangerously high intracranial pressure (ICP). In
paper I, we found that decompressive craniectomy was an efficient last-tier treatment of
intracranial hypertension in an escalated management protocol also including barbiturates.
Furthermore, the cerebral perfusion pressure (CPP) is a treatment target in TBI to avoid
cerebral hypo-/hyperperfusion, but it does not take into account the cerebral blood flow (CBF)
pressure autoregulatory status. In paper II, we found that intact CBF pressure autoregulation,
particularly day 2 to 5, was significantly associated with favorable outcome and that keeping
the absolute CPP close to autoregulatory (CPPopt)- rather than fixed CPP-thresholds correlated
more strongly with favorable outcome. In paper III, ICP variability was found to be a predictor
of favorable outcome, possibly as it partly reflects better regulation of CBF. TBI treatments
ultimately aim to optimize cerebral energy metabolism. In paper IV and V, two physiological
variables were separately evaluated in relation to cerebral energy metabolism in TBI, monitored
with a microdialysis in the brain. In paper IV, mild hyperventilation (pCO2 4.0-4.5 kPa), a
therapy to reduce ICP by cerebral vasoconstriction, was found to be more commonly employed
when ICP was high, but tended to improve the CBF pressure autoregulation. There was no
association between mild hyperventilation and worse cerebral energy metabolism, indicating
that this level was safe and did not induce cerebral ischemia. In paper V, higher arterial glucose
was associated with worse CBF pressure autoregulation, cerebral energy metabolic disturbances
and worse clinical outcome. This indicates that arterial hyperglycemia could induce secondary
brain injuries in TBI.

Today, TBI patients are treated according to “one size fits all”-protocols. However, with better
understanding of the pathophysiological mechanisms and the effects of TBI treatments by means
of multimodality monitoring, we will be able to earlier detect and diagnose different pathological
processes and evaluate the effects of treatments. This will help us give more individualized care
to reduce secondary brain injuries and improve outcome for these patients.
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Introduction 

Traumatic brain injury (TBI) is a leading cause for mortality and morbidity in 
young adults. In Europe, TBI causes hospitalization for 262 per 100 000/year 
and a case fatality rate of 0.9-7.6%.1-3 Nowadays, falls are the most common 
mechanisms, but road traffic accidents, assaults and sports accidents are also 
frequent.4  
 
The history of neurosurgical care for TBI began several thousands of years 
ago. Trephination, i.e. removal of skull bone, was described in 10 000 BC and 
performed to treat skull fractures.5 In 3000 to 1500 BC, the Egyptians intro-
duced neuroanatomical concepts of intracranial structures such as the brain 
and meninges. In the ancient Greece 400 BC, Hippocrates created a skull frac-
ture classification system and suggested standardized indications for surgical 
treatment. In the 18th and 19th centuries, the Monro-Kelli hypothesis was de-
veloped and suggested that the intracranial volume was based on brain paren-
chyma, cerebral blood volume (CBV), cerebrospinal fluid (CSF) and possibly 
lesions/hematomas. If any of these volumes increased, there had to be a com-
pensatory decrease of any other volume to maintain the intracranial pressure 
(ICP), or it would otherwise increase.6 In the 20th century, modern neurosur-
gery developed with Harvey Cushing as a front figure. Among other things, 
he described the Cushing reflex, i.e. the clinical triad of systolic hypertension, 
bradycardia and respiratory irregularity following intracranial hypertension.7 
Neurosurgery gradually became a subspecialty with standardized care around 
this time. In TBI care, Lundberg started to monitor ICP for evaluation of the 
intracranial state in unconscious patients in 1960.8,9 Furthermore, the radio-
logical development led to better visualization of the brain and its pathologies 
with the computed tomography (CT).10  
 
Today, TBI patients are managed at specialized neurointensive-care (NIC) 
units, with optimal multimodality monitoring tools of e.g. ICP, cerebral per-
fusion pressure (CPP), pressure autoregulation, cerebral blood flow (CBF), 
brain tissue partial oxygen pressure (BtO2) and focal neurochemistry and treat-
ment according to standardized management protocols, leading to improved 
outcome.11-13 However, TBI victims are not a homogenous group and more 
studies are needed to give evidence-based, individualized care in order to fur-
ther improve the outcome for these patients.  
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1.1 Classifications of traumatic brain injury 
TBI may be classified in terms of clinical state, structural pathology and mech-
anism of injury. The Glasgow Coma Scale (GCS) was introduced in 1974 and 
is a bedside assessment scale of the clinical neurological state, including mo-
tor-, verbal- and eye opening response (Table 1).14,15 The TBI severity may be 
classified as mild (GCS 13-15), moderate (GCS 9-12) and severe (GCS 3-8). 
The scale has high inter-observer reliability and prognostic value. The “Reac-
tion level scale 85” (RLS 85) is similar to the GCS score and more commonly 
used in Sweden (Table 2).16,17  
 
Table 1. Glasgow Coma Scale (GCS) 

 
Table 2. The Reaction level scale 85 (RLS 85) 
 

Reaction level scale 85 (RLS 85) Reaction 

1 Alert 

2 Drowsy or confused 

3 Very drowsy 

4 Localizes pain 

5 Withdrawal to pain 

6 Abnormal flexion 

7 Abnormal extension 

8 No response 

 

GCS Motor response Verbal response Eye opening re-
sponse 

6 Obeys command   

5 Localizes pain Oriented  

4 Withdrawal to pain Confused Spontaneously 

3 Abnormal flexion Inappropriate words To speech 

2 Abnormal extension Inappropriate sounds To pain 

1 No response No response No response 
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Furthermore, TBI may be classified on a structural, pathoanatomical basis. 
Traumatic forces may cause fractures of the neurocranium (linear/depressed 
and convexity/basilar). The forces may also cause neurovascular disruption 
leading to hemorrhage in various neuroanatomical compartments, such as epi-
dural hematomas (EDH), acute subdural hematomas (ASDH), subarachnoid 
hemorrhages (SAH), intraventricular hemorrhage (IVH) and intraparenchy-
mal lesions (intracerebral hemorrhages (ICH) or cerebral contusions). In ad-
dition, the forces, particularly acceleration/deceleration, may generate diffuse 
axonal injury (DAI).18  

There are several radiological TBI classifications that in different ways de-
scribe neuroanatomical injury. The Marshall CT classification (Table 3) is a 
six-grade scale that describes brain injuries as diffuse or focal mass lesions 
and the degree of mass effect, in terms of presence/absence of basal cisterns 
and midline shift (MLS).19 The Rotterdam classification (Table 4) is similar 
to the Marshall CT classification, but also takes into account the particular 
type of mass lesion, such as presence of EDH and traumatic SAH (tSAH).20 
One point is added to the sum score in the Rotterdam classification, which 
makes it numerically consistent with the GCS Motor (GCS M) score and the 
Marshall CT classification. 
 
Table 3. Marshall CT classification categories 

Grade Description 

Diffuse injury I No visible pathology 

Diffuse injury II Open cisterns, MLS < 5 mm, no lesion > 
25 ml 

Diffuse injury III Compressed/absent cisterns, MLS < 5 mm, 
no lesion > 25 ml 

Diffuse injury IV MLS > 5 mm, no lesion > 25 ml 

Evacuated mass lesion Any surgically evacuated mass lesion 

Non-evacuated mass lesion Lesion > 25 ml, not surgically evacuated 
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Table 4. Rotterdam CT classification 
Basal cisterns  

Compressed +1 

Absent +2 

MLS  

MLS > 5 mm +1 

EDH  

Absent +1 

IVH or SAH  

Present +1 

Sum score Total +1 

 

TBI is also classified in terms of mechanism of injury, i.e. closed, penetrating 
and blast-induced. Closed head injuries are caused by direct and/or accelera-
tion/deceleration forces that may cause various post-traumatic hemorrhages 
and neuronal disruption leading to DAI. Penetrating injuries may be caused 
by gunshots and blast-induced injuries by explosions.  

1.2 Pathophysiology and multimodality monitoring 
1.2.1 General pathophysiology 
The primary brain injury occurs as an immediate effect of the traumatic forces 
and cannot be cured, only prevented. The impact of the primary injury on pa-
tient prognosis is obvious and indicated by the correlation between outcome 
and indirect measures of the primary brain injury such as GCS at admission 
and the Marshall CT classification.21,22  
 
After TBI, the brain is more sensitive to physiological insults that predispose 
for secondary brain injury. Related to the primary injury, hemorrhagic pro-
gression and cerebral edema may increase neuronal injury and cerebral ische-
mia. Furthermore hypotension, hypoxemia, hyperthermia, electrolyte disturb-
ances and hyper-/hypoglycemia are other avoidable factors that may generate 
secondary brain injuries.23,24  
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In addition, neuroinflammatory processes follow TBI and may lead to long-
term neurodegeneration and chronic traumatic encephalopathy.25,26 

1.2.2 Neurological status 
The clinical, neurological examination is the most fundamental TBI assess-
ment tool. GCS, pupillary status (anisocoria, dilated and/or fixed pupils) and 
focal neurology (paresis) may indicate the extent of neurological injury and 
contribute in NIC decision-making for interventions such as surgical evacua-
tion of intracranial hemorrhages.27 In awake TBI patients, clinical assessment 
is usually the standardized way to monitor neurological injury. Clinical as-
sessment of intubated, unconscious patients by interruption of sedation (neu-
rological wake-up tests (NWTs)) is also performed, but the value and potential 
side-effects have been discussed.28  
 
The controversy lies in that the NWT elicits a stress response with increased 
levels of systemic stress hormones that may generate ICP-/CPP-insults and 
cause secondary brain injuries.28-30 However, these secondary insults only 
rarely cause jugular vein desaturation and brain tissue hypoxia and do not 
seem to affect focal cerebral energy metabolism.30 This indicates, in the ab-
sence of intracranial hypertension, that NWTs are usually safe. The benefit of 
NWT is earlier detection of clinical deterioration, e.g. signs of brain herniation 
despite normal ICP in cases with distant, temporal lesions.31-33 
 
The Brain Trauma Foundation (BTF) has no recommendations on NWTs.34 
There is hence great variation between neurosurgical sites regarding the use 
of NWT in the NIC. For example, a survey including 16 Scandinavian NIC 
units showed that 50% never used NWTs.35 NWTs are frequently performed 
at our site to monitor the neurological state in intubated and sedated TBI pa-
tients. 

1.2.3 Intracranial pressure and compliance 
According to the Monro-Kellie hypothesis, ICP will increase if any of the in-
tracranial volumes (brain, CSF, blood and possibly lesions) increase and there 
is no compensatory decrease in any of the other volumes.6 The intracranial 
compartment can compensate for small, added volumes to keep ICP 0-10 mm 
Hg, but eventually the intracranial compliance reaches a point when any added 
volume generates severe increases in ICP. Intracranial hypertension, which 
may be caused by traumatic intracranial hemorrhages or brain edema, is a dan-
gerous condition that can lead to brain herniation and cerebral hypoperfusion, 
resulting in severe neurological injury and death.  
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Invasive ICP monitoring, with an intraparenchymal probe or an external ven-
tricular drain (EVD), can detect expanding intracranial volumes that require 
treatment. Hence, the BTF guideline recommends ICP-monitoring in uncon-
scious TBI patients and the current recommendation is to avoid ICP above 22 
mm Hg.34,36 At our NIC, the aim is to keep ICP below 20 mm Hg. 
 
The intracranial compliance, i.e. the compensatory reserve to tolerate addi-
tional intracranial volumes, can be estimated with various techniques and cal-
culations.37-41 For example, the amplitude of the ICP waveform has been eval-
uated as an indicator of intracranial compliance. One example is the RAP-
index (R, amplitude and pressure compliance index) that is a correlation be-
tween ICP amplitude and mean ICP.39 Higher values indicate low intracranial 
compliance, except in extreme cases of elevated ICP when the index may be-
come negative. Intracranial compliance measures may be used as early indi-
cators of intracranial hypertension, but there is currently no BTF recommen-
dation for such monitoring34 and they are not used in the routine clinical set-
ting at our NIC. 

1.2.4 Cerebral perfusion pressure and pressure reactivity 
CPP is defined as the pressure gradient between mean arterial blood pressure 
(MAP) and ICP. CPP may be considered a surrogate measure for the global 
CBF. Too low and too high CPP may generate cerebral hypo- and hyperperfu-
sion, respectively, but exact CPP-targets have been a matter of great debate. 
BTF’s current recommendation is a CPP between 60 to 70 mm Hg, which is 
considered to yield sufficient CBF to avoid cerebral ischemia, without causing 
cerebral hyperperfusion and side effects from systemic hypertension.34 At our 
NIC, the aim is to keep CPP above 60 mm Hg, without any strict upper thresh-
old. 
 
In addition to the absolute CPP, the regulation of the cerebral vessels deter-
mines CBF in response to changes in e.g. CPP, pCO2 and cerebral energy me-
tabolism.42-45 Lassen described this mechanism as the cerebral autoregulation 
in 1959, as he demonstrated that CBF is maintained over a wide range of 
MAPs by means of changes in the cerebral vessel caliber.42,46 The exact mech-
anisms for this CBF regulation are not completely understood, but endothelial, 
myogenic, neurogenic and metabolic factors seem to play a part.47-50 This ca-
pacity may become deranged following severe TBI and this is strongly asso-
ciated with poor outcome.36,51-55 Hence, there has become an increased interest 
in monitoring autoregulation and the pressure reactivity index (PRx) has been 
introduced as a mean to monitor this in the NIC. PRx is continuously measured 
as the correlation coefficient between of MAP and ICP over 5 minutes.47,51,56 
A negative index value indicates intact pressure autoregulation, e.g. when an 
increase in MAP leads to cerebral vasoconstriction to maintain normal CBF 
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with a corresponding reduction in CBV and ICP. Positive index values indi-
cate passive vessels, e.g. when an increase in MAP leads to passive cerebral 
vasodilation with a corresponding increase in CBF, CBV and ICP.51,57,58 How-
ever, there are many variables that influence ICP and MAP. The signal-to-
noise ratio for PRx is therefore relatively low when evaluated minute-by-mi-
nute, but this ratio increases when PRx is averaged over longer intervals such 
as 30 minutes.59 Furthermore, since the PRx calculation is based on MAP and 
ICP, it may be considered a global appreciation of the pressure autoregulatory 
status. However, studies based on regional CBF measurements indicate that 
intraindividual focal asymmetries in the pressure autoregulatory capacity may 
occur after TBI.60 
 
The clinical utility of PRx is still under development and BTF considers the 
evidence insufficient for clinical use.34 However, it is possible that PRx could 
be used for individualized CPP management.61 Early studies found that pres-
sure passive patients (defined as PRx > 0.13) have better outcome with ICP-
oriented therapy with relatively lower CPP-targets, whereas pressure active 
patients (PRx < 0.13) benefit from CPP-oriented treatment with relatively 
higher CPP-targets.62 Furthermore, a dynamic autoregulatory-oriented CPP 
target is under development, based on the PRx-concept. As pressure reactivity 
varies with CPP in a U-shaped way,63-66 the CPP associated with the best pres-
sure reactivity/lowest PRx is proposed as the optimal CPP (CPPopt). Devia-
tion of the absolute CPP (mm Hg) above and below CPPopt is associated with 
poor outcome.64-67 In physiological analyses, it has been demonstrated that 
brain tissue oxygenation reaches a plateau when CPP is close to CPPopt, in-
dicating optimal CBF.68  
 
However, CPPopt has only been used as a prospective CPP-target to a small 
extent.69 In particular, it is difficult to generate CPPopt continuously and fac-
tors such as high PRx values, lower amount of sedative/analgesic, higher vas-
oactive medication dose and following decompressive craniectomy (DC) are 
associated with absence of CPPopt curves.70 Currently, the feasibility and 
safety of CPPopt as a treatment target are investigated in a multi-center ran-
domized controlled trial (COGiTATE).71 

1.2.5 Cerebral blood flow 
Adequate CBF is important to deliver sufficient oxygen and energy metabo-
lites to the brain. As outlined above, CBF is dependent on CPP and cerebro-
vascular resistance, but the exact regulating mechanisms are highly com-
plex.48,72,73 CBF is typically deranged after TBI, including both focal hypo- 
and hyperperfusion,74-80 which may in turn result in ischemic brain injuries 
and cerebral edema. 
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CBF can be evaluated with radiological snapshots, using e.g. Xenon-enhanced 
CT (Xe-CT), CT perfusion (CTP), positron emission tomography (PET), tran-
scranial Doppler (TCD) and perfusion-weighted magnetic resonance imaging 
(MRI) for patients with severe TBI in the NIC settings. Rostami et al. con-
cluded in a review that Xe-CT was the best imaging method for CBF in the 
NIC with unstable patients, due to high accuracy and high availability with 
mobile CT. Nevertheless, PET generates additional data on e.g. oxygen ex-
traction fraction (OEF) or glucose metabolism that give even more infor-
mation regarding the cerebral metabolic status.81  
 
It is difficult to determine exact CBF-thresholds in general and after TBI,82-84 
but values at 0-8 ml/100 g/min have been suggested as ischemic, 9-30 ml/100 
g/min as penumbral, 31-70 ml/100 g/min as normal and above 70 ml/100 
g/min as hyperemic in human TBI studies with Xe-CT.82 In PET imaging, 
OEF and cerebral metabolic rate of oxygen (CMRO2) may be used, in addition 
to CBF, to determine the occurrence of ischemia.76,78  
 
There seems to be a temporal CBF pattern after TBI, with hypoperfusion day 
1, hyperemia day 2 to 5 and vasospasm day 6 to 14.75,79,85 Early cerebral is-
chemia is associated with poor clinical outcome85-87 and cerebral hyperemia is 
associated with intracranial hypertension.77 In addition to macrovascular CBF, 
the role of the microvascular circulation has gained interest. In a recent PET 
study, using two tracers to determine the co-existence of ischemia and hypoxia 
in the brain after TBI, it was found that there is often a mismatch between 
ischemic and hypoxic brain regions.76 This highlights the role of e.g. micro-
vascular thrombosis and diffusion limitation from cerebral edema, which may 
limit oxygen delivery.  
 
CBF measurements could help in early detection of cerebral ischemia and in 
diagnosing the pathophysiology of cerebral energy failure, but there is cur-
rently no BTF recommendation to monitor CBF.34 At our NIC, Xe-CT is avail-
able for imaging of global and regional CBF. 

1.2.6 Brain tissue oxygenation 
Sufficient brain tissue oxygenation is necessary for maintaining aerobic cere-
bral energy metabolism. It can be measured continuously globally with a jug-
ular venous bulb (SjvO2) to appreciate cerebral perfusion, oxygen supply and 
consumption. Normally, SjvO2 should be between 55-75%.88,89 Tissue oxy-
genation can also be measured with focal intraparenchymal probes (BtO2). 
The exact thresholds in TBI are largely unknown, but BtO2 < 10 mm Hg is 
associated with anaerobic metabolism90 and hypoxic episodes below 20 to 29 
mm Hg are associated with poor clinical outcome.91,92 
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Brain tissue hypoxia may be caused by low delivery (arterial hypoxia and cer-
ebral hypoperfusion) or increased consumption (hyperthermia and seizures) 
and is associated with cerebral anaerobic metabolic crisis and poor clinical 
outcome.93-96 BtO2-insults below 20 mm Hg are common following TBI and 
often occur despite normal ICP and CPP.92 This supports the importance of 
the cerebral microcirculation, since oxygen delivery for cellular metabolism 
may be compromised by the presence of diffusion limitation such as micro-
vascular thrombosis and astrocytic swelling.97  
 
BTF suggests that jugular bulb monitoring of arteriovenous oxygen content 
indices could improve management decisions that improve clinical outcome.34 
However, focal brain tissue oxygenation monitoring is currently not a general 
recommendation. At our NIC, monitoring of focal brain tissue oxygenation is 
encouraged, but not regularly performed. 

1.2.7 Cerebral neurochemistry 
The CBF delivers oxygen and glucose to the brain, which are metabolized to 
create sufficient energy for neuronal survival and activity. Glucose is anaero-
bically degraded into pyruvate by glycolysis in the cytosol, which in turn pro-
duces a smaller amount of energy for the cell. In an anaerobic environment, 
pyruvate is converted to lactate. In an aerobic environment, pyruvate enters 
the citric acid circle in the mitochondria of the cell, which produces a greater 
amount of energy as well as H2O and CO2 as by-products by oxidative phos-
phorylation.98,99 In addition to glucose, there is evidence that neurons may uti-
lize lactate as an alternative energy fuel via the astrocyte-neuron lactate shuttle 
(ANLS).100,101 
 
The cerebral microdialysis (MD) is a method for invasive monitoring of focal 
neurochemistry including energy metabolism, first described in 1974102 and 
introduced in the NIC in 1992.103 The principle of the cerebral MD is to quan-
tify focal extracellular biomarkers by their diffusion from the brain to an in-
traparenchymal catheter over a semi-permeable membrane. The membrane 
has a 0.6 mm-diameter, with a double-lumen catheter that is perfused with 
artificial CSF, usually at a constant flow at 0.3 µl/min.104 The two most com-
mon membranes are either permeable to molecules up to 20 (CMA70 catheter) 
or 100 kDa (CMA71 catheter), respectively. The former is permeable to 
chiefly small molecules such as glucose and lactate, whereas the latter is also 
permeable to larger molecules such as peptides, cytokines and other pro-
teins.105 The relative concentration in the dialysate in relation to the interstitial 
fluid is described as the relative recovery (%), determined by the area of the 
semi-permeable membrane, the perfusion flow rate and the diffusion in the 
surrounding interstitial fluid.104 The localization of the MD is important for 
interpretation of the focal neurochemistry, e.g. penumbral areas exhibit more 
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disturbed energy metabolism, whereas macroscopically normal brain tissue 
exhibit more normal energy metabolism that is considered to better represent 
the global cerebral state.106-109 At our center, the cerebral MD is usually placed 
in the right frontal lobe at Kocher’s point, adjacent to an EVD or an intra-
parenchymal ICP probe. Direct placement within a contusion is avoided, but 
it is inevitable that the probe will be located at different distances from focal 
contusions, which could have some impact upon the results. 
 
Traditionally, cerebral metabolites such as glucose, lactate, pyruvate, glycerol 
and glutamate are measured with the MD.107 Cerebral glucose is determined 
by delivery (arterial glucose content and CBF) and energy metabolic rate.110,111 
Cerebral glucose metabolism is often deranged following TBI, including both 
hyperglycolysis and metabolic suppression.112,113 Both low114 and high115 cer-
ebral glucose have been associated with poor outcome after TBI. A MD con-
sensus meeting suggested that cerebral glucose-levels below 0.2 to 0.8 mM 
warrant consideration for possibly intravenous glucose administration or ter-
mination of insulin administration.107 At our NIC, cerebral glucose below 0.5 
mM is used as a warning sign and a threshold for such considerations. 
 
Cerebral lactate increases in cases of metabolic disturbances and levels above 
4 mM are associated with poor outcome in TBI.107,115 However, the cerebral 
lactate-/pyruvate ratio (LPR) is an even stronger outcome predictor and high 
values are associated with brain atrophy and poor clinical outcome.107,116,117 
LPR-values above 25 to 40 are considered pathological107 and 40 is the thresh-
old that warrants attention at our NIC. Increased LPR can be classified into 
ischemic, if the cerebral glucose and pyruvate are concurrently low, and as 
non-ischemic, if the cerebral glucose and pyruvate are concurrently nor-
mal/high. Mitochondrial dysfunction is a plausible explanation in cases of 
non-ischemic metabolic disturbances.118-120 Elevated LPR is associated with 
intracranial hypertension and low CPP,121 although some studies indicate that 
MD values rather represent slower metabolic processes than transient ICP and 
CPP insults.109,122 Furthermore, glycerol is a cerebral biomarker of cell mem-
brane degradation and glutamate is an excitatory neurotransmitter associated 
with seizures and cerebral ischemia.107 
 
Although MD could aid in early detection of pathological processes and dif-
ferential diagnoses of cerebral energy metabolic crisis, there is currently no 
BTF recommendation to use MD in TBI care.34 However, cerebral MD is reg-
ularly used to monitor the cerebral energy metabolic state at our NIC in TBI 
patients. 
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1.2.8 Multimodal monitoring 
Cerebral energy metabolic disturbances may be secondary to several patho-
physiological events such as intracranial hypertension, macrovascular ische-
mia, oxygen diffusion limitation, mitochondrial dysfunction, arteriovenous 
shunting, low oxygen extraction or hypermetabolism. Detection and differen-
tiation between these processes can be done by using several different (multi-
modal) monitoring techniques (focal/global and intermittent/continuous), 
such as ICP, Xe-CT/PET, BtO2 and MD (Figure 1).123 The power of multimo-
dality monitoring lies in earlier detection of secondary brain injury and better 
discrimination of pathophysiological events that in turn may lead to both more 
timely and refined treatment.  

Figure 1. Schematic drawing of the pathways to ensure adequate cerebral energy 
metabolism. Each step can be evaluated with multimodal monitoring to better detect 
and diagnose pathophysiological events. In the bottom of the figure, several im-
portant pathomechanisms and secondary insults are mentioned, which could lead to 
secondary brain injury. 

1.3 Treatment 
1.3.1 Treatment protocols 
All TBI treatment protocols aim to minimize secondary brain injuries and to 
give general care to maintain systemic bodily functions.124 As outlined in the 
section above, ICP, CPP, CBF, brain tissue oxygenation and focal neurochem-
istry are surrogate measures for the cerebral environment and these parameters 
are emphasized to various degrees in different treatment protocols.  

ICP and CPP have been the two main treatment targets in traditional TBI 
care. ICP-oriented treatment protocols aim to maintain ICP below threshold 
values between 20-25 mm Hg and permit lower CPP thresholds around 60 mm 
Hg.125 The CPP-oriented protocols aim to maintain CPP sufficiently high, of-
ten at 70 mm Hg and above, to avoid cerebral ischemia.126 The Lund concept 
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is another approach that also highlights ICP and CPP as two main treatment 
targets, but takes into account that the blood-brain-barrier is often disrupted in 
TBI and therefore avoids high CPP due to the risk of causing cerebral 
edema.127-129 Recently, an autoregulatory-oriented treatment protocol has been 
suggested, which targets CPPopt.69,71 
 
In addition, combined protocols including BtO2 as a treatment target have 
been evaluated, in which low BtO2-values can be treated by e.g. increasing the 
fraction of inspired O2 (FiO2).130,131 Neurophysiological studies have shown 
small decreases in cerebral lactate and under some circumstances also de-
creases in LPR and increases in CMRO2 following hyperoxic treatment in 
TBI.132-135 Outcome studies on combined protocols including BtO2-targets 
have found equivocal results, including both better clinical outcome for TBI 
patients130 or no difference in outcome as compared to traditional treatment 
regimes.131  
 
The BTF guidelines for severe TBI are evidence-based recommendations of 
important aspects of TBI care, in particular monitoring thresholds for treat-
ment.34,136 The current BTF guidelines recommend CPP values between 60 to 
70 mm Hg, ICP below 22 mm Hg, systolic blood pressure (sBP) > 100 to 110 
mm Hg and jugular vein oxygen saturation above 50%. In cases of refractory 
intracranial hypertension, EVD for CSF drainage should be considered and 
barbiturates are indicated in hemodynamically stable patients, but not as 
prophylaxis for intracranial hypertension. DC and hyperosmolar therapy are 
both considered controversial. Early, short-term and prophylactic hypother-
mia, prophylactic hyperventilation of pCO2 at or below 3.3 kPa (25 mm Hg) 
and steroids are not recommended. 

1.3.2 Evacuation of traumatic hematomas 
There are different types of post-traumatic hematomas in terms of neuroana-
tomical location, such as extra-axial (EDH, ASDH and SAH) and ICH/contu-
sions. The location, defined as supra- and infratentorial, is also relevant, as the 
size of each compartment allows various amount of extra volume. Significant 
volume effect is radiologically defined as absence of CSF spaces (absent basal 
cisterns, compressed ventricles and effaced convexity sulci) and presence of 
MLS. Some of these variables are integrated in the CT Marshall classification, 
with 25 ml as the approximate hematoma volume considered for surgical 
evacuation.19  
 
Usually, TBI patients with GCS < 9 due to mass effect with MLS and/or com-
pressed basal cisterns from a traumatic lesion, often larger than 25 ml, are 
considered for surgical evacuation.27,137  
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1.3.3 Hyperventilation 
Hyperventilation in TBI is controversial.138 The treatment aims to reduce ICP 
by cerebral vasoconstriction, but at the possible expense of a reduction in CBF 
with increased risk of ischemia. The cerebral vessels are usually reactive 
within a pCO2-interval between 2.7-8.0 kPa (20-60 mm Hg), with vasocon-
striction and vasodilation in the lower and the upper range, respectively.138,139 
Hyperventilation reduces arterial pCO2, resulting in increased pH in CSF and 
the extracellular cerebral fluid that induces cerebral vasoconstriction with a 
corresponding reduction in CBV, CBF and ICP.48,140  
 
Hence, hyperventilation may reduce ICP, but the tolerability of the reduction 
in CBF has been questioned. Although hyperventilation seems to improve the 
pressure autoregulatory status in TBI,141,142 CBF studies indicate increased fre-
quency of oligemia and ischemia.143,144 However, hyperventilation is also as-
sociated with increased OEF and usually unchanged CMRO2, indicating pre-
served cerebral energy metabolism.145,146 Temporary hyperventilation to 3.3 
kPa induced worsened cerebral energy metabolism with increased cerebral 
lactate, LPR and glutamate in the early phase post-injury in one study,147 but 
a recent prospective trial found that induced mild hypocapnia within 4.0-4.7 
kPa (30-35 mmHg) did not affect cerebral energy metabolism in TBI.148 
Hence, neurophysiological studies indicate that mild hyperventilation may 
lead to compromised CBF, but is often compensated by increased OEF and 
preserved energy metabolism.145,146,148  
 
Another concern with hyperventilation is that the therapeutic effect attenuates 
over time. The arterial pCO2-level induces secondary pH changes in CSF and 
the extracellular cerebral fluid that mediate the vasoregulatory effect, but 
buffer systems gradually normalize pH and attenuate the vasoregulatory effect 
within a couple of hours.149-151 The buffer tromethamine (THAM) has been 
used to prolong the pH changes and was used in a randomized controlled trial 
(RCT), including TBI patients treated with either prophylactic hyperventila-
tion (pCO2 = 3.3 kPa), hyperventilation (same pCO2 target) in conjunction 
with THAM and those with normoventilation (pCO2 = 4.7 kPa). Those treated 
with hyperventilation without THAM had significantly worse outcome than 
the other two groups 3 months post-injury, but there was no significant differ-
ence in outcome after 12 months.152  
 
The level of evidence for hyperventilation in TBI management is low. The 
BTF recommendation is to avoid prophylactic hyperventilation with pCO2 at 
3.3 kPa or lower.34 However, it is unknown if TBI patients benefit from tem-
porary mild hyperventilation in cases of intracranial hypertension and if mon-
itors of cerebral oxygenation and metabolism are needed to evaluate the intra-
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cranial environment during treatment. Despite the lack of support for hyper-
ventilation, a European multi-center study showed that prophylactic hyper-
ventilation without monitors of brain tissue oxygenation was still common at 
many sites.153 At our department, we commonly induce mild hyperventilation 
(pCO2 4.0-4.5 kPa (30-34 mm Hg)) during the first days in the NIC, if ICP 
tends to be high. 

1.3.4 Barbiturates 
Barbiturates are a sedative class of drugs including e.g. thiopental, pentobar-
bital and methohexital that may be used in severe TBI cases with intracranial 
hypertension. The principle mechanism is reduced cerebral energy metabo-
lism, reduction in CBV and shunting of CBF to meet decreased metabolic de-
mand. The CBV reduction leads to a corresponding ICP reduction.154-156 Some 
studies have found that barbiturate infusions could improve pressure reactivity 
and brain tissue oxygenation, but this effect is smaller in cases with unfavor-
able outcome.155,156 Another study using cerebral MD showed improvements 
in cerebral lactate, glutamate and aspartate following barbiturate treatment.157 
However, although barbiturates may be effective, they may lead to fatal ad-
verse effects such as hemodynamic instability, increased infection rate and 
electrolyte disturbances.34,158  
 
Most outcome studies are old and include different control groups. One RCT 
found that patients treated with pentobarbital had better clinical outcome than 
the group treated with standard medical care.154 Another RCT included TBI 
patients with ICP above approximately 25 mm Hg for 15 minutes to either 
barbiturates or mannitol and found that those treated with barbiturates had 
worse outcome.159 A European multi-center study looked at 13 European cen-
ters that treated TBI patients and found that only 6% were treated with high-
dose barbiturates and although it was associated with improvements in ICP, it 
also led to hypotension and no improvement in outcome was seen.160  
 
BTF recommends barbiturate treatment for intracranial hypertension, pro-
vided that the patient is hemodynamically stable. However, prophylactic bar-
biturate coma to induce burst suppression on electroencephalogram should be 
avoided.34 At our NIC, barbiturates are considered a last-tier treatment for in-
tracranial hypertension. 

1.3.5 Decompressive craniectomy 
DC, i.e. removal of a part of the skull bone to relieve intracranial hypertension, 
was introduced in modern neurosurgery in the beginning of the 20th cen-
tury.161,162 Primary DC is done as an early post-traumatic surgical procedure, 
in conjunction with evacuation of an intracranial hematoma, due to concurrent 
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severe brain edema when the bone cannot be put back and/or intracranial hy-
pertension is expected. Secondary DC is considered a last-tier treatment due 
to refractory intracranial hypertension for patients with ICP-monitoring who 
have not responded to other treatments for ICP-reduction.  
 
DC may efficiently reduce ICP,163-165 with concurrent beneficial effects on 
pressure autoregulation,166 CBF,167 brain tissue oxygenation,166,168 and cere-
bral energy metabolism.166 DC patients with favorable outcome following TBI 
seem to have greater physiological improvements than those with unfavorable 
outcome.166,168-170 
 
Early complications to DC may be brain herniation through the bone defect, 
subdural/-galeal effusions, hydrocephalus, seizures and syndrome of the tre-
phined (unexplained, progressive neurological decline that improves after cra-
nioplasty), whereas cranioplasty-related complications may be infections and 
bone resorption.171-174 Cranioplasty is associated with improved CBF and neu-
rological improvement.175 
 
DC, including both primary and secondary, has shown a varying degree of 
favorable outcome in retrospective TBI studies.164,165,176 Recently, two RCTs 
demonstrated poor outcome following secondary DC for patients with severe 
TBI. The first trial, Decompressive craniectomy in diffuse traumatic brain in-
jury (DECRA), included TBI patients who despite first line ICP-treatment had 
an ICP above 20 mm Hg for 15 minutes intermittently or continuously during 
one hour, and randomized them to either bifrontotemporoparietal DC or stand-
ard care including barbiturates.163 Favorable outcome was greater in the stand-
ard care group (49% vs. 30%). In the “Trial of decompressive craniectomy for 
traumatic intracranial hypertension” (Rescue-ICP), TBI patients with ICP 
above 25 mm Hg for 1-12 hours despite first and second line treatment were 
randomized to either barbiturates or DC (unilateral frontotemporoparietal or 
bifrontal).177 Favorable outcome (GOS-E 5-8) was comparable at approxi-
mately 27% in both groups after 6 months. However, these two RCTs have 
received criticism. For example, DECRA has a low and Rescue-ICP a high 
inclusion threshold, predisposing for overtreatment in the DECTRA-trial and 
surgical delay in the Rescue-ICP-trial, respectively.178 Furthermore, many 
centers use both thiopental and DC in an escalated staged manner, in contrast 
to the RCTs that rather compared DC and barbiturates.  
 
The previous BTF guidelines were published before the Rescue-ICP trial and 
suggest avoiding bifrontal DC for diffuse TBI when ICP has been above 20 
mm Hg despite first line treatment, but also state that DC may efficiently re-
duce ICP and a greater DC size may be better than a smaller.34 In a recent 
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update, secondary DC for late, but not early refractory ICP elevation, is rec-
ommended.179 Both primary and secondary DC are used in an escalated man-
agement protocol at our NIC. 

1.3.6 Arterial glucose 
Arterial hyperglycemia is common following TBI and has been associated 
with poor outcome.21,180-182 The pathophysiology is not fully elucidated, but 
may in part be due to a negative effect on pressure autoregulation, as preclin-
ical studies have shown that arterial hyperglycemia decreases cerebral and 
systemic blood flow and reduces endothelial function, indicating worsened 
autoregulation.183-186 Another explanation is that arterial hyperglycemia in-
duces mitochondrial dysfunction,187 which could in turn result in cerebral en-
ergy failure. 
 
Early studies on tight glycemic control with intensive insulin therapy (IIT) 
management to normoglycemia were promising,188-190 but other studies have 
found increased risk of hypoglycemia and no benefits in outcome for various 
ICU patient populations as well as in TBI.191-196 Furthermore, IIT post-TBI 
generated worse MD-parameters with lower cerebral glucose and increased 
cerebral LPR than conventional glycemic control.194,197 Due to the lack of clear 
evidence of benefits for IIT in the NIC-setting, a more loose glycemic control 
is mostly applied.198 
 
Hence, high arterial glucose is strongly correlated with poor clinical outcome, 
but the pathophysiology is not fully elucidated and optimal management re-
mains controversial. BTF does currently not have any recommendation on op-
timal glucose levels or management in TBI.34 An arterial glucose between 5 
to 10 mM is targeted at our department. 

1.4 Outcome measures 
As the medical science and healthcare system have developed, more lives can 
be saved. However, there are concerns that severely ill patients end-up in a 
poor clinical state despite full treatment.199 Particularly, patients with severe 
brain injuries may be rescued, but are still left in a poor clinical condition, 
such as persistent vegetative state. Hence, additional outcome assessments in-
cluding functional status and quality of life have been developed. 
 
The Glasgow Outcome Scale (GOS) and the Extended Glasgow Outcome 
Scale (GOS-E; Table 5) are two similar ordinal scales that describe the recov-
ery after brain injuries in terms of social aspects, rather than signs and symp-
toms. The GOS encompasses five categories – death, vegetative state, severe 
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and moderate disability and good recovery, whereas the GOS-E also includes 
two subcategories (upper/lower) of severe and moderate disability and good 
recovery.200-202 Both GOS and GOS-E are commonly dichotomized as favor-
able/unfavorable (GOS 4-5/1-3 and GOS-E 5-8/1-4, respectively). The out-
come assessment is based on a structured interview with the patients or his/her 
closest relative, by trained personnel. The assessment has high inter-observer 
reliability. 
 
Table 5. The GOS-E categories 

 
There are several prediction models of clinical outcome in TBI. The Interna-
tional mission for prognosis and analysis of clinical trials in TBI (IMPACT) 
core model includes higher age, lower GCS M and pupillary abnormalities at 
admission as predictors of mortality and unfavorable outcome after TBI. In 
addition, hypoxia/hypotension at admission, higher Marshall CT grade, pres-
ence of tSAH, absence of EDH, low hemoglobin and high arterial glucose also 
predict mortality and unfavorable outcome.21 The medical research council 
corticosteroid randomization after significant head injury (MRC CRASH) 
trial included more than 10 000 patients and CRASH is another prediction 
model that is based on this population. Higher age, lower GCS, pupillary ab-
normalities and the presence of major extracranial injuries are included in the 

GOS-E category Description 

1 Dead  

2 Vegetative Unable to obey commands and communi-
cate 

3 Lower severe disability Need for assistance at home 

4 Upper severe disability Independent at home, but not outside the 
home 

5 Lower moderate disability Independent at home and outside the home, 
significantly reduced work capacity, social 
and leisure activities 

6 Upper moderate disability Independent at home and outside the home, 
less significantly reduced work capacity, so-
cial and leisure activities 

7 Lower good recovery Essentially recovery, but not to full extent in 
work, social or leisure activities 

8 Upper good recovery Full recovery 
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basic model and, in addition, presence of petechial hemorrhage, obliteration 
of the third ventricle/basal cisterns, presence of tSAH, MLS and a non-evac-
uated hematoma are included in the CT model, as independent predictors of 
mortality and unfavorable outcome.22 
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Aims 

The general aim was to evaluate pathophysiological mechanisms, treatments 
and outcome after severe TBI in the NIC-setting. 

2.1 Specific aims 
I. To determine the indication and outcome for TBI patients treated 

with DC and/or thiopental at our University hospital, in compari-
son to two recent RCTs in the same subject.  

II. To determine the temporal course of neurophysiological parame-
ters and the role of secondary insults in relation to certain thresh-
olds for outcome prognosis. In particular, we aimed to compare 
fixed vs. autoregulatory CPP thresholds. 

III. To determine the explanatory variables for ICP variability and its 
relation to clinical outcome. 

IV. To determine the relation between mild hyperventilation and 
pressure autoregulation, cerebral energy metabolism and clinical 
outcome. 

V. To determine the relation between arterial glucose and pressure 
autoregulation, cerebral energy metabolism and clinical outcome. 
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Materials and methods 

3.1 Study I 
3.1.1 Patients and management protocol 
All TBI patients aged 16 or older that were treated at the NIC-unit at Uppsala 
University Hospital, Sweden, from 2008 to 2014 were included. Those with 
bilaterally fixed and dilated pupils were excluded due to fatal prognosis. The 
patients were divided into four groups; A) patients treated with DC (n = 35) 
B) patients treated with thiopental, but no DC (n = 23) C) patients who were 
neither treated with DC nor thiopental (n = 544) D) patients who developed 
total brain infarction who were neither treated with DC nor thiopental (n = 7). 
Those treated with DC (group A) and thiopental, but no DC, (group B) were 
studied in particular.  
 
All patients were treated according to the same escalated standardized man-
agement protocol summarized below.11  
 
Treatment goals: ICP ≤ 20 mm Hg, CPP ≥ 60 mmHg, systolic blood pressure 
>100 mmHg, CVP 0–5 mmHg, pO2 >12 kPa, arterial glucose 5–10 mM, elec-
trolytes within normal ranges, normovolemia and body temperature < 38°C.  
 
Unconscious patients, GCS M 1-5, were intubated, sedated with propofol in-
fusion and received morphine for analgesia. NWTs were frequently performed 
and sedation was then interrupted. Basal treatment included head elevation 
30° and initial hyperventilation (pCO2 4.0–4.5 kPa), but normoventilation as 
soon as ICP was normalized. Extra-axial hematomas and contusions with sig-
nificant mass effect were surgically evacuated. ICP was monitored with either 
an EVD or an intraparenchymal probe. If ICP was > 20 mm Hg, CSF was 
intermittently drained in small volumes, 1–2 ml, if there was no mass effect. 
Continuous CSF drainage, was avoided at first, to reduce the risk of not de-
tecting an expanding hematoma and the risk of development of slit ventricles, 
but was allowed later at a pressure level of 15–20 mm Hg. If these first steps 
were inadequate to reduce ICP, the patients were kept sedated and no NWTs 
were done. To reduce the physiological stress response, infusion of β1-antag-
onists and injections of α2-agonists were given.  
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If ICP was still refractory high, thiopental infusion was started, provided that 
no significant mass effect was present and the patient was hemodynamically 
stable. When thiopental was given, a CPP > 50 mm Hg was considered suffi-
cient. DC was last-tier treatment and performed under three conditions: 1) in-
tracranial hypertension despite thiopental treatment, 2) adverse effects of thi-
opental and 3) the patient was judged not to tolerate thiopental. Hemicraniec-
tomy was preferred if there was a MLS, but no significant mass lesions to 
remove. Bilateral craniectomies with sparing of the midline bone ridge were 
done if there was no MLS. In all cases, the aim was maximal decompression 
with removal of as large bone flaps as possible combined with duraplasty. 
Primary DC (removal of bone flap) in association to evacuation of intracranial 
haemorrhages was not standard treatment, but was allowed according to the 
individual decision by the neurosurgeon. 

3.1.2 Data collection and analysis 
Patient characteristics, such as age, sex, neurological status and clinical out-
come were collected from the TBI register.203 The neurological status at ad-
mission was based on RLS 85 and converted to GCS M (Table 1-2, page 10). 
The brain injury was evaluated with the Marshall CT classification (Table 3, 
page 11).19 The radiological mass effect was evaluated before DC as pre-
sent/absent basal cisterns and MLS more than 5 mm. Clinical outcome was 
assessed at 6 months post-injury, by specially trained personnel with struc-
tured telephone interviews, using the GOS-E (Table 5, page 25).200-202 GOS-E 
was dichotomized into favorable/unfavorable outcome (GOS-E 5-8/1-4). The 
treatment order of basal ICP-treatment, thiopental and DC of the patients in 
group A and B were assessed from patient records. 
 
ICP was monitored with either an EVD system (HanniSet, Xtrans, Smith Med-
ical GmbH, Glasbrunn, Germany) or an intraparenchymal sensor device (Cod-
man ICP Micro-Sensor, Codman & Shurtleff, Raynham, MA). Data with a 
frequency of 100 Hz was sampled in the Odin software, developed at Uppsala 
University and Edinburgh University.62 The data acquisition was on some oc-
casions briefly interrupted when the patients left the NIC (for radiological im-
aging or surgical procedures) or due to software, network or system failures. 
These interruptions and data that were judged invalid were subtracted from 
the total monitoring time, resulting in the good monitoring time (GMT). ICP 
data were analyzed for group A and B. Mean ICP and GMT of ICP > 20 mm 
Hg for 30 and 60 minutes before and after secondary DC were evaluated in 
group A. Similarly, mean ICP and GMT of ICP > 20 mm Hg for 30 and 60 
minutes before and after 5 hours of thiopental infusion were evaluated in 
group B. The ICP data before DC (group A) and thiopental (group B) in these 
patients were used to assess if the patients would have qualified for the two 
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RCTs; DECRA (ICP > 20 mm Hg for 15 minutes continuously or intermit-
tently during 1 hour within the first 72 hours) and/or Rescue-ICP (ICP > 25 
mm Hg for 1-12 hours).163,177  

3.1.3 Statistical analysis 
Descriptive statistics were used to present the results and no attempt was made 
for statistical significance testing, due to the limited number of cases in group 
A and B. Nominal, ordinal and continuous data were presented as numbers 
and proportions, medians and the interquartile range (IQR) and mean ± stand-
ard deviation, respectively. 

3.2 Study II and III 
3.2.1 Patients and management protocol (Study II and III) 
Study II and III were based on the same patient population. All TBI patients 
in the TBI register203 from 2008 to 2016, aged 16 or older, who had ICP mon-
itoring and were intubated and mechanically ventilated were included. Those 
without outcome data and those that developed total brain infarction were ex-
cluded. Out of 888 eligible patients, 362 patients were included according to 
these criteria. All patients were treated according to our treatment protocol 
mentioned above (3.1.1 Patients and management protocol, page 28-29). 

3.2.2 Data collection and analysis (Study II and III) 
Patient characteristics, such as age, sex, neurological status and clinical out-
come were collected from the TBI register.203 The neurological status at ad-
mission was based on RLS 85 and converted to GCS M (Table 1-2, page 10). 
The structural brain injury was evaluated with CT Marshall score (Table 3, 
page 11).19 Clinical outcome was assessed at 6 months post-injury, by spe-
cially trained personnel with structured telephone interviews, using the GOS-
E (Table 5, page 25).200-202 GOS-E was dichotomized into favorable/unfavor-
able outcome (GOS-E 5-8/1-4).  
 
Physiological data were analyzed for all patients in the Odin software.62 The 
ICP was monitored with either an EVD system or an intraparenchymal sensor 
device (3.1.2 Data collection and analysis, page 29). Arterial blood pressure 
was measured invasively in the radial artery at heart level. The CPP was cal-
culated continuously as the difference between MAP and ICP.  
 
PRx was calculated as the 5-minute correlation of 10 s averages of ICP and 
MAP (Figure 2).47,51,56 We also used a variant of PRx, with a bandpass filter, 
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limiting the analysis to oscillations of ICP/MAP with periods of 15 to 55 s 
(PRx55-15). The reason for including PRx55-15 was that it has previously 
shown better signal-to-noise ratio and correlation with clinical outcome than 
the traditional PRx.56  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic drawing of PRx. The upper part of the figure is an example of 
intact pressure autoregulation. When MAP decreases, ICP increases, due to compen-
satory cerebral vasodilation that leads to an increase in CBV to keep CBF un-
changed. The correlation index between MAP and ICP is then negative, i.e. a PRx 
below 0 indicates preserved pressure autoregulation. The lower part of the figure is 
an example of poor pressure autoregulation. When MAP decreases, ICP also de-
creases due to decreased CBV in passive cerebral vessels that are unable to respond 
adequately to keep CBF unchanged. The correlation index between MAP and ICP is 
then positive, i.e. a PRx above 0 indicates poor pressure autoregulation.  

 
CPPs with their concurrent PRx values were plotted for a moving 4-hour time 
window, usually generating a U-shaped curve, of which the CPP with the low-
est PRx was considered CPPopt (Figure 3).64  
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Figure 3. Schematic illustration of the generation of CPPopt from the correlation of 
PRx and CPP values over a 4-hour time window. The CPP value with the lowest 
PRx is defined as CPPopt. 

ICP variability (ICPV; Figure 4 and 5) and blood pressure variability (BPV) 
were calculated to determine if these variables could explain the correlation 
of deviation from CPPopt with patient outcome. ICPV and BPV were com-
puted for every minute of monitoring as the absolute deviation from a 4-hour 
moving average centered on the minute (ICPV-4h and BPV-4h). 

 
 
Figure 4. The figure demonstrates an ICP curve (several spikes) together with the 4-
hour moving average (flat, no spikes). The ICPV (in this case ICPV-4h, values not 
shown in the figure) was calculated in Odin as the mean absolute deviation of the 
ICP curve from the moving 4-hour average ICP.  

Physiological variables and secondary insults were analyzed over three time 
periods: day 1, day 2 to 5 and day 6 to 10 post-injury. Secondary insults were 
defined as GMT (%) above/below certain thresholds. The thresholds we used 
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were GMT (%) ICP > 20 mm Hg, in accordance with our treatment protocol.11 
For fixed CPP thresholds, we used i) GMT (%) within BTF’s fixed CPP target 
60 to 70 mm Hg ii) GMT (%) below BTF’s target CPP < 60 mm Hg and iii) 
GMT (%) above BTF’s target CPP > 70 mm Hg. For dynamic CPP targets, 
we used i) GMT (%) within the optimal target ∆CPPopt (CPP-CPPopt) ± 10 
mm Hg ii) GMT (%) below the optimal target ∆CPPopt < -10 mm Hg and iii) 
GMT (%) above the optimal target ∆CPPopt > 10 mm Hg. Blood pressure 
insults were defined as sBP < 100 mm Hg in accordance with our treatment 
protocol, similar to BTF’s recommendation.11,34  

3.2.3 Data collection and analysis (Study III) 
ICPV and BPV were analyzed in three different ways based on variability in 
different time spans, including the sub-minute, 30-minute and 4-hour interval. 
In the sub-minute interval, ICP AMP 55-15 and ART AMP 55-15 were ana-
lyzed using a bandpass filter limiting the analysis to oscillations with durations 
of 15 to 55 s, similar to PRx55-15. The second and third ICPV and BPV 
measures, i.e. ICPV-30m/BPV-30m and ICPV-4h/BPV-4h, were computed 
for every minute of monitoring as the absolute deviation from a 30-minute and 
4-hour, respectively, moving average centered on the minute (Figure 4). The 
three ICPV measures are demonstrated in Figure 5. 

 
The RAP-index was used to evaluate intracranial compliance and calculated 
as the moving 5-minute correlation between ICP amplitude and ICP.39,40 

 
Figure 5. All three ICPV measures in one TBI patient during 6 hours. The temporal 
variation was higher for the short-term ICPV measure ICP AMP 55-15 than the 
more long-term measure ICPV-4h. 
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3.2.4 Statistical analysis (Study II) 
Daily mean values (95% confidence interval (CI)) for the first ten days post-
injury were calculated for those with favorable/unfavorable outcome (GOS-E 
5-8/1-4) regarding MAP, ICP, CPP, CPPopt, PRx and PRx55-15.  Mean val-
ues for MAP, ICP, CPP, CPPopt, PRx, PRx55-15, BPV-4h and ICPV-4h as 
well as the GMT (%) within/below/above certain thresholds – ICP > 20 mm 
Hg, CPP 60 to 70 mm Hg, CPP < 60 mm Hg, CPP > 70 mm Hg, ∆CPPopt ± 
10 mm Hg, ∆CPPopt < -10 mm Hg, ∆CPPopt > 10 mm Hg and sBP < 100 
mm Hg were calculated for three time intervals: day 1, day 2 to 5 and day 6 to 
10 post-injury. All data were transferred to SPSS version 25 (IBM Corp, Ar-
monk, NY, USA) for further statistical analysis.  
 
Statistical significance was calculated by means of student’s T-test and Chi-
square test for those with favorable and unfavorable outcome. Multiple lo-
gistic regression was used to predict unfavorable outcome with forward and 
backward selection, including demographic and neurophysiological (day 2 to 
5) variables.  
 
A p-value < 0.05 was considered statistically significant. 

3.2.5 Statistical analysis (Study III) 
The temporal development for mean daily values (95% CI) for all three ICPV 
measures were evaluated the first ten days post-injury for those with favorable 
and unfavorable clinical outcome. We then chose to focus on mean values for 
day 2 to 5 post-injury.  
 
The explanatory variables for the ICPV measures were evaluated with the 
Spearman rank correlation test and multiple linear regression analyses includ-
ing demographic (age, GCS M, pupillary status and Marshall CT classifica-
tion) and physiological variables (ICP, CPP, PRx and ART AMP 55-15/BPV-
30m/BPV-4h).  
 
Each ICPV measure was evaluated for association with clinical outcome with 
separate simple and multiple logistic regression analyses. In addition to the 
ICPV measure, demographic (age, GCS M, pupillary status and DC surgery) 
and physiological (GMT of ICP > 20 mm Hg, GMT of CPP within 60 to 70 
mm Hg, PRx55-15 and ART AMP 55-15/BPV-30m/BPV-4h) data day 2 to 5 
post-injury were included.   
 
A p-value < 0.05 was considered statistically significant. 
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3.3 Study IV and V 
3.3.1 Patients and management protocol (Study IV and V) 
In paper IV and V, we included 120 out of 1001 TBI patients in the TBI reg-
ister203 from 2008 to 2018, who were intubated and mechanically ventilated 
with monitoring data of ICP, cerebral MD and arterial blood gases (ABGs). 
All patients were treated according to our escalated treatment protocol as de-
scribed above (3.1.1 Patients and management protocol, page 28-29) with in-
itial mild hyperventilation (pCO2 4.0-4.5 kPa) and normoventilation as soon 
as ICP was normalized. Arterial glucose was monitored with repeated ABGs 
and kept within the treatment target 5 to 10 mM. Arterial hyperglycemia was 
treated with short-acting insulin injections and in some cases intravenous in-
sulin infusions when needed.  

3.3.2 Data collection and analysis (Study IV and V) 
Patient characteristics, such as age, sex, neurological status and clinical out-
come were collected from the TBI register.203 The neurological status at ad-
mission was based on RLS 85 and converted to GCS M (Table 1-2, pages 10). 
The structural brain injury was evaluated with CT Marshall score (Table 3, 
page 11).19 Clinical outcome was assessed at 6 months post-injury, by spe-
cially trained personnel with structured telephone interviews, using the GOS-
E (Table 5, page 25).200-202 GOS-E was dichotomized into favorable/unfavor-
able outcome (GOS-E 5-8/1-4).  
 
Physiological data were analyzed for all patients in the Odin software.62 ICP, 
MAP, CPP and PRx55-15 were analyzed as described above (3.2.2 Data col-
lection and analysis (study II and III), page 30-31). 
 
ABG data were analyzed in samples taken through the radial arterial line every 
fourth hour, more often if needed. ABG samples were analyzed on an ABL800 
FLEX instrument (Radiometer, Copenhagen), running automatic calibrations 
every 4th hour and internal quality control samples twice daily. In addition, an 
external quality control program with monthly control samples administered 
by the accredited clinical chemistry lab at Uppsala university hospital was 
used.  
 
Cerebral energy metabolism was monitored with the 71 High Cut-Off MD 
catheter with a membrane length of 10 mm and a membrane cut-off of 100 
kDa (M Dialysis, Stockholm, Sweden). The catheters were perfused by means 
of a microinjection pump (106 MD Pump, M Dialysis) at a rate of 0.3 µl/min 
with custom made sterile artificial CSF containing – NaCl 147 mmol/L (mM), 
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KCl 2.7 mM, CaCl2 1.2 mM, MgCl2 0.85 mM and 1.5% human albumin. Cer-
ebral extracellular glucose, lactate, pyruvate and urea were measured hourly, 
using a CMA 600 analyzer or the ISCUSflex Microdialysis Analyzer (M Di-
alysis). The cerebral urea was monitored to validate catheter performance.204 

3.3.3 Statistical analysis (Study IV and V) 
Mean values for each of the first three days and the entire period (72 h) post-
injury were calculated in the Odin software62 for ICP, CPP, PRx55-15, arterial 
glucose, pCO2, cerebral glucose, cerebral pyruvate, cerebral lactate and cere-
bral LPR. The percentage of ABGs with arterial glucose < 5 mM, arterial glu-
cose > 10 mM and pCO2 < 4.0 kPa were calculated for the same intervals. 
Furthermore, the etiology of cerebral energy metabolic disturbances (LPR > 
25) was dichotomized into ischemic (cerebral pyruvate < 120 µM) and non-
ischemic (cerebral pyruvate > 120 µM) in paper V. This was calculated as the 
percentage of cerebral pyruvate < 120 µM when LPR was above 25 for the 
same time intervals as described above. The cerebral LPR threshold at 25 for 
metabolic disturbances was chosen in accordance with the consensus state-
ment 2014.107 The cerebral pyruvate threshold at 120 µM was chosen as pre-
vious studies have found that this is the highest pyruvate value for ischemic 
and the lowest value for non-ischemic cerebral conditions.205,206 All data were 
transferred to SPSS version 25 (IBM Corp, Armonk, NY, USA) for further 
statistical analysis.  
 
In paper IV, the Spearman rank correlation test was used to investigate the 
association between mean daily values of pCO2 and ICP, CPP, PRx55-15, cer-
ebral glucose, cerebral pyruvate, cerebral lactate, cerebral LPR and GOS-E. A 
multiple linear regression analysis was done to predict PRx55-15 based on 
age, GCS M at admission, ICP, CPP and pCO2 for each of the first three days 
post-injury.  
 
In paper V, the Spearman correlation test was used to investigate the associa-
tion between mean daily values of arterial glucose and PRx55-15, cerebral 
glucose, cerebral pyruvate, cerebral lactate, cerebral LPR and GOS-E. A mul-
tiple linear regression analysis was done the first three days post-injury to pre-
dict PRx55-15 based on age, GCS M at admission, ICP, CPP and arterial glu-
cose for each of the first three days post-injury.  
 
A p-value < 0.05 was considered statistically significant. 
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3.4 Ethics 
All research was approved by the Regional Research Ethics Committee at 
Uppsala University and conducted in accordance with the Helsinki declaration 
of 1975, as revised in 2008. Informed consent was obtained by the patients if 
they had fully recovered by 6 months, otherwise by their closest relative. 
  



 38 

Results 

4.1 Paper I 
There were 609 eligible TBI patients, of whom 35 patients were treated with 
DC (group A), 23 patients with thiopental but no DC (group B), 544 patients 
who were not treated with thiopental/DC (group C) and 7 patients who devel-
oped total brain infarction and did not receive thiopental/DC (group D). Age, 
GCS M and pupillary abnormalities at admission and Marshall CT classifica-
tion were comparable among the groups (Table 6), except for a slightly lower 
GCS M and higher degree of pupillary abnormalities at admission for those 
with fatal outcome who did not receive DC/thiopental treatment (group D).  
 
Table 6. Demographic and admission data 

Seventeen of the DCs were primary and eighteen were secondary. Half of 
those with secondary DC received thiopental before DC surgery. Those 
treated with secondary DC had a mean ICP of 23 mm Hg 1 h before treatment 
and 10 mm Hg 1 h after. Those treated with thiopental (group B) had a mean 
ICP at 19 mm Hg 1 h before treatment and 17 mm Hg between the fifth and 
sixth hour after treatment initiation. Eighty-eight percent of the secondary DC 
patients would have qualified for the DECRA trial and 38% for the Rescue-
ICP trial. Eighty-nine percent of the thiopental no DC patients (group B) 
would have qualified for the DECRA trial and 16% for the Rescue-ICP 
trial.163,177 Forty percent of the DC patients and 52% of those with thiopental 
but no DC had favorable outcome. Twenty-nine percent of those with primary 
DC and 50% of those with secondary DC had favorable outcome (Figure 6). 

 
Variables 

Group 
A B C D 

Total n (%) 35 (6) 23 (4) 544 (89) 7 (1) 
Mean age (years) 40 37 51 61 
Male n (%) 29 (83) 15 (65) 423 (78) 7 (100) 
GCS M at admission         
     1-2 no. (%) 5 (15) 4 (17) 20 (4) 5 (71) 
     3-6 no. (%) 29 (85) 19 (83) 524 (96) 2 (29) 
Pupil abnormality n. (%) 15 (43) 5 (23) 70 (13) 6 (86) 
CT Marshall grade, median (IQR) 4 (3-5) 3 (2-5) 2 (2-5) 5 (3-6) 



 39

 

 
Figure 6. Clinical outcome for TBI patients treated with thiopental, but no DC; sec-
ondary DC following thiopental; secondary DC without previous thiopental; primary 
DC and the outcome from the DECRA and Rescue-ICP trials.163,177 Favorable/unfa-
vorable outcome was defined as GOS-E 5-8/1-4.  

4.2 Paper II 
There were 362 patients included in the study, of which 203 had favorable and 
159 unfavorable outcome. Those with favorable outcome were significantly 
younger (42 ± 19 vs. 53 ± 17 years old, p-value < 0.001), had higher GCS M 
(GCS M 1-2 for 3% vs 14%, p-value < 0.001), lower rate of pupillary abnor-
mality (12% vs. 31%, p-value < 0.001) and lower Marshall CT grade (72% vs 
58% with Marshall CT grade below diffuse brain injury grade IV, p-value = 
0.005).  
 
Daily mean MAP, ICP, CPP, CPPopt, PRx and PRx55-15 were generated for 
the first 10 days post-injury for those with favorable and unfavorable clinical 
outcome (Figure 7). As the patients were gradually admitted and received ICP-
monitoring post-injury, the available data increased from 49% on day 1 up to 
86% and then decreased to 59% as the patients recovered and were discharged. 
Furthermore, CPPopt could be calculated on a daily basis for 84-99% for all 
patients with ICP data, depending on the day. 
 
For CPP insults based on CPPopt thresholds, those with unfavorable clinical 
outcome had a significantly higher GMT (%) ΔCPPopt > 10 mm Hg (22% vs. 
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18%, p = 0.001) day 2 to 5, but not day 1 or day 6 to 10 post-injury. The GMT 
of ΔCPPopt < -10 mm Hg had no significant correlation with outcome on any 
day. Higher BPV-4h, but not ICPV-4h, was associated with lower GMT (%) 
ΔCPPopt ± 10 mm Hg. 
 
For CPP insults based on BTF’s thresholds,34 those with unfavorable outcome 
had significantly higher GMT (%) CPP > 70 mm Hg in all three phases, most 
pronounced day 6 to 10. There was no significant difference of GMT (%) CPP 
< 60 mm Hg for those with favorable and unfavorable outcome in any phase.  
 
All demographic data and selected neurophysiological parameters (GMT (%) 
CPP < 60 mm Hg, GMT (%) CPP within 60 to 70 mm Hg, GMT (%) CPP > 
70 mm Hg, GMT (%) ΔCPPopt < -10 mm Hg, GMT (%) ΔCPPopt ±10 m Hg, 
GMT (%) ΔCPPopt > 10 mm Hg, mean PRx55-15, mean PRx, GMT (%) ICP 
> 20 mm Hg, GMT (%) sBT < 100 mm Hg, mean BPV-4h and mean ICPV-
4h) for day 2 to 5 were analyzed in a multiple logistic regression for unfavor-
able/favorable outcome. The regression was analyzed with forward and back-
ward selection, which in both cases generated the same significant outcome 
variables. Higher age, lower GCS M, presence of pupillary abnormality at ad-
mission, higher PRx55-15 and higher GMT of ΔCPPopt > 10 mm Hg were all 
significant predictors for unfavorable outcome (Table 7). 
 
Table 7. Multiple logistic regression for unfavorable clinical outcome (GOS-
E 1-4)  
Variables OR (95% CI) p-value 

Age (years) 1.03 (1.01-1.04) < 0.001 

GCS M at admission (1-6) 0.65 (0.51-0.83) < 0.001 

Pupils (abnormal) 2.5 (1.3-4.7) 0.01 

ΔCPPopt > 10 mm Hg 14.2 (1.4-145.0) 0.03 

PRx55-15 21.0 (4.4-100.9) < 0.001 
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Figure 7. Temporal course for mean daily values (95% CI) of physiological 
parameters the first 10 days post-injury for those with favorable and unfavorable 
outcome. 
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4.3 Paper III 
This study was based on the same patient population as in study II and hence 
had the same demographic data. Figure 5 illustrates the differences in temporal 
variation among the three ICPV measures. All of them mostly varied between 
0-5 mm Hg.  
 
The explanatory variables for the ICPV measures were evaluated with Spear-
man and multiple linear regression analyses (Table 8). Higher age was asso-
ciated with a reduced ICP AMP 55-15 and ICPV-4h, but not ICPV-30m, in 
the multiple regression analyses. Normal pupillary status was associated with 
higher ICPV-30m, but not ICP AMP 55-15 and ICPV-4h. High ICP and RAP 
were significantly and independently associated with higher ICPV for all time 
intervals. BPV (ART AMP 55-15, BPV-30m and BPV-4h, respectively) had 
an independent, positive correlation with ICPV. Lower PRx was associated 
with higher ICPV (all three measures) in the univariate, but not in the multiple 
analyses. DC surgery (yes) was independently associated with lower ICPV for 
all time intervals. 
 
Table 8. Univariate (Spearman rank correlation test) and multiple linear re-
gression analyses – explanatory variables for ICPV-30m. Pupils, 0 = normal, 
1 = abnormal. DC, 0 = no, 1 = yes. 

 

Variables 

ICPV-30m 

Spearman Multiple linear regression 

r p-value β p-value 

Age -0.17 0.002 -0.10 0.10 

GCS M 0.17 0.003 0.03 0.54 

Pupils (abnormal) -0.22 <0.001 -0.11 0.04 

Marshall CT grade -0.21 <0.001 -0.06 0.30 

ICP 0.22 <0.001 0.22 <0.001 

RAP 0.49 <0.001 0.27 <0.001 

MAP -0.07 0.21 -0.13 0.02 

BPV-30m 0.11 0.049 0.18 0.002 

PRx -0.18 0.001 0.02 0.80 

DC (yes) -0.28 <0.001 -0.16 0.003 
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The temporal course of mean daily values for each ICPV measure for those 
with favorable and unfavorable clinical outcome is presented in Figure 8. Fur-
thermore, three multiple logistic regression analyses were done to evaluate if 
each ICPV measure carried additional important information for outcome pre-
diction after adjustment for age, GCS M and pupillary status at admission, 
DC, ICP > 20 mm Hg, CPP within 60 to 70 mm Hg, PRx55-15 and BPV (ART 
AMP 55-15, BPV-30m or BPV-4h for the corresponding time interval for 
ICPV, respectively). Higher age, lower GCS M, presence of pupillary abnor-
malities and higher PRx55-15 were significant predictors for poor clinical out-
come in all three regressions. Furthermore, higher ICP AMP 55-15 and ICPV-
30mm, separately, were independent predictors of favorable outcome, 
whereas ICPV-4h was not associated with outcome in the multiple analyses.  

 
Figure 8. Temporal course of mean daily values (95% CI) for each of the three 
ICPV measures the first 10 days post-injury for those with favorable and unfavora-
ble clinical outcome (GOS-E 5-8/1-4).  

4.4 Paper IV 
There were 120 TBI patients included in this study. Mean age was 43 (±20) 
years and 75% were male. Median GCS M was 5 (IQR 4-5). Outcome data 
showed a mortality rate of 10% and median GOS-E was 5 (IQR 3-7).  
 
The mean daily pCO2 gradually increased from day 1 to 3 (Figure 9). No pa-
tient had a mean daily pCO2 below 3.5 kPa on any day. The physiological data 
are presented in Table 9. 
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Table 9. Physiological variables the first three days post-injury. Two patients 
developed ICP above 50 and LPR above 100, explaining the high LPR SD on 
day 3.  

 
  

Variables Day 1 Day 2 Day 3 

ICP,  

mean (±SD) mm Hg 

11 (±8.5) 13 (±10) 14 (±12) 

CPP,  

mean (±SD) mm Hg 

75 (±12) 73 (±12) 74 (±14) 

Arterial glucose, mean 
(±SD) mM 

8.8 (±2.1) 8.4 (±2.3) 8.0 (±1.3) 

pCO2,  

mean (±SD) kPa 

4.7 (±0.45) 4.7 (±0.45) 4.9 (±0.49) 

PRx55-15,  

mean (±SD) coefficient  

0.22 (±0.21) 0.19 (±0.18) 0.16 (±0.22) 

Cerebral glucose, mean 
(±SD) mM 

2.6 (±1.3) 2.2 (±1.1) 2.1 (±1.1) 

Cerebral lactate, mean 
(±SD) mM 

3.6 (±2.5) 3.6 (±2.3) 3.7 (±2.2) 

Cerebral pyruvate, mean 
(±SD) µM 

144 (±90) 137 (±52) 144 (±52) 

Cerebral LPR, mean (±SD) 27 (±20) 29 (±28) 36 (±86) 
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Figure 9. The figure illustrates the distribution of mean pCO2 the first three days 
post-injury. No patient had a mean pCO2 below 3.5 kPa on any day.  

Mean pCO2 on any of the first three days post-injury was not associated with 
GCS M, pupillary abnormalities or Marshall CT grade. However, lower pCO2 
was significantly associated with concurrently higher ICP on day 2 and 3 with 
p-values < 0.001, but not on day 1. However, those who had lower pCO2 day 
2 and day 3 had significantly higher ICP on day 1 (p-value < 0.001). Low 
pCO2 was also significantly associated with lower CPP on day 2 and 3 with 
p-values < 0.01, but not on day 1. There was no significant association be-
tween mean pCO2 and cerebral glucose, pyruvate, lactate or LPR on any of 
the first three days post-injury.  
 
Age, GCS M, ICP, CPP and pCO2 were included in the multiple linear regres-
sion analysis with PRx55-15 as the dependent variable (Table 10). Lower 
pCO2 was a significant predictor of lower PRx55-15 on day 2 only. Older age 
predicted higher PRx55-15 on day 3. Higher ICP predicted higher PRx55-15 
on day 2 and 3. 
 
In addition, there was no correlation (Spearman) between pCO2-levels on any 
of the first three days post-injury and clinical outcome (GOS-E). 
 
  

0% 20% 40% 60% 80% 100%

Day 3

Day 2

Day 1

Mean pCO2 day 1, 2 and 3 - frequency distribution

<3.5 3.5-4.0 4.0-4.5 4.5-5.0 5.0-5.5 5.5-6.0 6.0<
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Table 10. PRx-55-15 – multiple linear regression analyses for explanatory 
variables the first three days post-injury. 

4.5 Paper V  
The demographic and physiological data were the same as in paper IV. The 
mean arterial glucose was 8.8 (±2.1) mM the first day of trauma and decreased 
the consecutive two days, to 8.0 (±1.3) mM on day three. The percentage of 
blood gases with hypoglycemic events, defined as arterial glucose below 5 
mM, was at the mean value 1.7 (±7.1) % on the first day and 1.0 (±5.6) % on 
the third day post-injury. The percentage of blood gases with hyperglycemic 
events, defined as arterial glucose above 10 mM, was 19 (±27) % on the first 
day and 7 (±15) % on the third day post-injury. 
 
Sixty-eight of the 120 patients had at least one LPR value above 25 the first 
three days. Cerebral pyruvate was below the ischemic threshold 120 µM in 
median 33 (IQR 0-84) % of the times LPR was above 25 in these 68 patients.  
 
Higher mean arterial glucose and higher mean cerebral LPR had a positive 
correlation day 1 and 2 with p-values < 0.05 (Table 11), but arterial glucose 
did not correlate with any of the other cerebral metabolites (glucose, pyruvate 
and lactate).  
 
  

Variables Day 1 Day 2 Day 3 

β p-value β p-value β p-value 

Age -0.09 0.49 0.21 0.06 0.31 0.003 

GCS M -0.05 0.70 -0.03 0.74 -0.06 0.50 

ICP 0.29 0.08 0.40 0.003 0.31 0.01 

CPP -0.01 0.94 0.01 0.95 0.12 0.30 

pCO2 0.22 0.09 0.25 0.03 0.14 0.17 
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Table 11. Correlations between arterial glucose and cerebral energy metab-
olites day 1 to 3 post-injury 

Arterial glucose 
vs. 

Day 1 Day 2 Day 3 

r p-value r p-value r p-value 

Cerebral glucose 0.24 0.07 0.11 0.29 0.13 0.22 

Cerebral pyruvate 0.04 0.79 0.04 0.70 0.01 0.92 

Cerebral lactate 0.10 0.48 0.21 0.06 0.07 0.48 

Cerebral LPR 0.27 0.05 0.29 0.01 0.14 0.18 

 
Mean arterial glucose correlated (Spearman) positively with mean PRx55-15 
day 2 (Figure 10) and 3 with p-values < 0.01. Furthermore, higher arterial 
glucose was independently associated with higher PRx55-15 day 1 and 2 after 
multiple linear regression analyses also including age, GCS M at admission, 
mean ICP and mean CPP (Table 12). Higher ICP was also associated with 
higher PRx55-15 on day 2 and 3, whereas higher age was associated with 
higher PRx55-15 on day 3.  
 
Table 12. PRx-55-15 – multiple linear regression analyses for explanatory 
variables the first three days post-injury. 

 
PRx55-15 correlated positively with cerebral LPR on day 2 (r = 0.22, p = 
0.05), but not with any of the other cerebral metabolites. 
 
In addition, higher mean arterial glucose was significantly associated with 
poor clinical outcome (lower GOS-E). The association was stronger on the 
first day post-injury (r = -0.38, p-value = 0.001) and had decreased on the third 
day post-injury (r = -0.20, p-value = 0.05).  

Variables Day 1 Day 2 Day 3 

β p-value β p-value β p-value 

Age -0.15 0.31 0.07 0.56 0.26 0.01 

GCS M 0.02 0.85 -0.03 0.78 -0.09 0.34 

ICP 0.29 0.12 0.39 0.01 0.51 0.004 

CPP -0.10 0.59 -0.09 0.54 0.14 0.42 

Arterial glucose 0.29 0.04 0.25 0.03 0.02 0.81 
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Figure 10. Arterial glucose vs. PRx55-15 day 2 post-injury. 
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General discussion  

This thesis is based on five retrospective studies on patients with severe TBI 
treated at a single-center NIC unit. Our findings should hence be analyzed 
carefully due to the risk of selection bias and difficulties in determining cau-
sality without adequate control groups. However, retrospective, hypothesis-
generating studies are very much needed, to build the evidence for larger, pro-
spective and validating studies that improve TBI care and outcome.  

5.1 Paper I 
Our study showed that patients treated with last-tier ICP treatment including 
DC and/or thiopental had severe intracranial hypertension before treatment 
and with a clear ICP reduction afterwards. Most of these patients would have 
qualified for the DECRA study, but few for the Rescue-ICP trial. DECRA had 
a low inclusion threshold with ICP above 20 mm Hg 15 minutes continuously 
or intermittently during 1h the first 72 hours, whereas Rescue-ICP had a high 
inclusion threshold at 25 mm Hg for 1-12 h.163,177  
 
Forty percent of our DC patients had favorable outcome compared to only 
30% in DECRA and 27% of the DC patients in Rescue-ICP. Fifty-two percent 
of our thiopental (group B) patients had favorable outcome, whereas 49% of 
the barbiturate patients in the DECRA and 27% in the Rescue-ICP trial had 
favorable outcome.163,177  
 
It is difficult to determine why our patients with last-tier treatment (group A 
and B) had better clinical outcome than those in the two RCTs. One explana-
tion could be that the DECRA trial had a too low inclusion threshold that led 
to overtreatment with DC so that more patients suffered from the complica-
tions than benefited from neurophysiological improvements from the treat-
ment, whereas the Rescue-ICP trial had a too high inclusion threshold that led 
to ICP insults due to delayed DC, resulting in secondary brain injuries. An-
other explanation is that the two RCTs compared barbiturates with DC, rather 
than combined the two in an escalated manner such as in our treatment proto-
col. For example, in our study, for 23 out of those 58 patients treated with last-
tier treatment (group A and B), thiopental was sufficient and DC was not re-
quired. It is possible that our patients received a more individualized treatment 



 50 

including both thiopental and DC with more optimal treatment timing as com-
pared to the DECRA and Rescue-ICP trials, leading to better clinical outcome. 
However, differences in demography and admission status for the patient 
groups in our study in comparison to the two RCTs are also possible explana-
tions for the differences in clinical outcome. 
 
Similar to previous findings,178 those patients treated with primary DC had 
slightly worse clinical outcome than those patients treated with secondary DC 
(29% vs. 50% with GOS-E 5-8) in our study. This is likely partly explained 
by the fact that those treated with primary DC had a worse prognosis due to a 
more severe primary brain injury that per definition required more urgent DC 
treatment than those treated with secondary DC. Primary DC is not studied in 
the two RCTs,163,177 but there is an ongoing RCT on ASDHs that will give 
more insight into the benefits of primary DC for these patients.207 
 
In summary, we believe that there is definitely a role for DC in TBI manage-
ment, despite the negative results in the two recent RCTs. However, there is a 
need for future RCTs that evaluate e.g. an escalated protocol including both 
barbiturates and DC. 

5.2 Paper II 
TBI is a heterogeneous disease with complex pathophysiology and dynamic 
temporal course. Mean values of ICP, CPP and pressure autoregulation are 
important parameters for outcome prediction, but the day-by-day temporal dy-
namics is less known. A major finding in our study was the day-by-day vari-
ations of PRx/PRx55-15 and the strong temporal association between poor 
pressure autoregulation and poor clinical outcome, in particular day 2 to 5 
post-injury. Similarly, Adams et al. found that PRx is high for both of those 
with favorable and fatal outcome on the first day post-injury, but thereafter 
improves for those with favorable clinical outcome.208 Furthermore, the tem-
poral course of PRx55-15 could be compared with CBF studies that have 
found a temporal pattern of hypoperfusion day 1, hyperemia day 2 to 5 and 
vasospasm day 6 to 10 following TBI.75,79,85 Similarly, in our study, PRx55-
15 was high day 1, improved day 2 to 5 and worsened day 6 to 10. Future 
studies are needed to determine if the temporal similarities between PRx55-
15 and CBF are causally associated.  
 
The completeness of data varied day-by-day. As the patients were gradually 
admitted and received ICP-monitoring post-injury, the available data in-
creased from 49% on day 1 up to 86% and then decreased to 59% as the pa-
tients recovered and were discharged. Hence, the temporal analyses of the 
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neurophysiological variables are to some degree limited by the daily variation 
post-injury in patients with available physiological data. 
 
As the pressure autoregulatory status is strongly associated with clinical out-
come in TBI,36,51 autoregulatory-oriented management protocols have been 
suggested to better optimize CBF and improve clinical outcome.64-66 In line 
with these previous studies, we found that CPP insults defined as deviation 
from CPPopt was more closely associated with poor clinical outcome than 
deviation from BTF’s fixed CPP thresholds.34 These findings support a new 
paradigm of individualized CPP treatment in contrast to the current “one size 
fits all”. However, the safety, feasibility and effect on clinical outcome of 
CPPopt treatment has not been sufficiently investigated in prospective studies, 
but an ongoing study (COGiTATE) will give more insight into this matter.71  

5.3 Paper III 
ICPV have generated interest since the development of ICP monitoring in the 
NIC.8,9,209 Traditionally, ICPV, in terms of Lundberg’s type A waves with ICP 
above 50 mm Hg for more than 5 minutes with a low frequency and type B 
waves with amplitudes around 5 mm Hg and a frequency around 1-2 
waves/minute, have been considered pathological.8,210 However, recent stud-
ies have demonstrated that high ICPV is associated with survival and favora-
ble outcome following TBI.211,212 In this study, we evaluated three ICPV 
measures, i.e. very short-term (ICP AMP 55-15), short-term (ICPV-30m) and 
long-term (ICPV-4h). For all three measures, higher values were associated 
with better outcome in univariate analyses. However, only ICP AMP 55-15 
and ICPV-30m independently predicted favorable outcome in the multiple lo-
gistic regression analyses. This indicates that ICPV (within the range 0-5 mm 
Hg) in the very short-term and short-term represents additional physiological 
information that is important for predicting outcome.  
 
Early theories suggested that ICPV originates from vessel reactions to variable 
blood pressure, generating changes in CBV and ICP.213 These changes are 
amplified when the intracranial pressure/volume reserve is reduced. In line 
with these ideas, we found that a reduced intracranial compliance (higher ICP 
and RAP) and higher BPV were associated with higher ICPV after multiple 
linear regression analyses. The univariate analysis showed that ICPV was as-
sociated with intact pressure reactivity (low PRx), but not in the multiple re-
gressions. This is consistent with the fact that ICPV was strongly associated 
with elevated ICP and reduced intracranial compliance (high RAP), probably 
caused by cerebrovascular dilation and increased CBV. With high ICP, pres-
sure reactivity has the opposite effect of triggering vascular contraction, de-
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creasing ICP and increasing intracranial compliance. Because of the associa-
tion of ICPV with favorable outcome it is unlikely that the associated increases 
in CBV are due to the pathological, passive vasodilation associated with hy-
perperfusion, hyperemia and untreatable ICP. Instead this appears to be a con-
trolled vasodilation, probably in response to metabolic demand, with net pos-
itive effects. This conclusion could be compared to Czosnyka et al. who found 
that higher RAP, similar to ICPV, was associated with better clinical outcome 
and reflected the upper limit of vasodilatory autoregulation.39 It is also likely 
that higher ICPV could represent healthier cerebral vessels, i.e. more compli-
ant and less stiff, enabling greater flexibility in CBV and ICP in response to 
BPV. Hence ICPV could be explained as variations in CBV due to changes in 
blood pressure and vessel activity that may have different effect on ICP de-
pending on the concurrent state of intracranial compliance. 

5.4 Paper IV 
In this retrospective study on 120 patients with severe TBI, we found that mild 
hyperventilation (pCO2 4.0-4.5 kPa) was commonly used, whereas prophylac-
tic severe hyperventilation (pCO2 < 3.3 kPa) was avoided in accordance with 
our treatment protocol. Furthermore, lower pCO2 correlated strongly with 
higher ICP on day 2 and 3, but not on day 1. However, those with lower pCO2 
on day 2 and 3 had higher ICP on day 1. These findings are in line with our 
management protocol, as most patients are mildly hyperventilated on day 1, 
but those without intracranial hypertension are gradually normoventilated. 
 
As low pCO2 leads to cerebral vasoconstriction, it is controversial if the alle-
viation in intracranial hypertension by hyperventilation outweighs the poten-
tial risk of cerebral ischemia.138 It has been shown that hyperventilation to 3.3 
kPa increases the frequency of cerebral ischemia,143 with higher OEF but un-
changed CMRO2, indicating reduced metabolic reserve but preserved energy 
metabolism.146 In this study, cerebral microdialysis was used to monitor the 
focal cerebral energy metabolic state. Although lower pCO2 was associated 
with higher ICP, we did not find any association between low pCO2 and cer-
ebral energy metabolic disturbances indicative of ischemia. These findings 
may be compared to those by Marion et al., who found increased LPR follow-
ing hyperventilation to a pCO2 at 3.3 kPa.147 The different results may be ex-
plained by that milder hyperventilation, as used in our study, has a higher ben-
efit/risk ratio compared to more severe hyperventilation. This is in line with 
the findings of a recent prospective study on mild hyperventilation (4.0-4.7 
kPa) that found associated reductions in CBF and brain tissue oxygenation, 
but the cerebral energy metabolites remained unchanged.148  
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The CBF is autoregulated by several factors, such as pCO2, CPP and cerebral 
energy metabolism.44 Previous studies have found that hyperventilation im-
proves cerebral pressure autoregulation.141,142 In our univariate analysis, we 
found no association between pCO2 and PRx55-15. However, after adjustment 
for age, GCS M, ICP and CPP, low pCO2 predicted better pressure autoregu-
lation on day 2. The hypocapnia-effect on cerebral autoregulation was proba-
bly masked in the univariate analysis, since low pCO2 was associated with 
high ICP, which in turn is associated with worse pressure autoregulation/high 
PRx.51 Low PRx55-15 is associated with better clinical outcome56 and it is 
possible that mild hyperventilation could improve outcome by optimizing 
pressure reactivity and hence CBF. 
 
There are some concerns that the hypocapnia-induced cerebrovascular and 
ICP effects are gradually attenuated after sustained hyperventilation, as the 
pH in CSF and the extracellular cerebral fluid is buffered back to normal val-
ues.149-151 Some TBI studies indicate that whereas the increased cerebral arte-
rial tone and reduction in CBF are more often preserved, the ICP reduction is 
more rapidly reversed and ICP returns to baseline, when hyperventilation is 
sustained.150,151 The benefits in relieving intracranial hypertension may there-
fore only be transient. Although a sustained CBF reduction may be disadvan-
tageous, an increased cerebral arterial tone could be beneficial, particularly in 
cases of passive cerebral vasodilation. This is consistent with that lower pCO2 
was associated with better pressure autoregulation and possibly more opti-
mally regulated CBF day 2 post-injury in our study, when cerebral hyperemia 
typically occurs.75,79,85 

5.5 Paper V 
In this study, we found that high arterial glucose was associated with poor 
pressure autoregulation, disturbed cerebral energy metabolism and poor clin-
ical outcome after TBI.  
 
Similar to several previous studies,21,180-182 we found a link between high arte-
rial glucose and poor clinical outcome. However, there are concerns if this 
association is causal or confounded by e.g. primary injury severity and cate-
cholamine release.214-216 Preclinical studies support a causal link, at least in 
stroke models, since arterial hyperglycemia has then proven to induce second-
ary brain injuries.198,217,218 Preclinical studies have also demonstrated a possi-
ble pathophysiological link with arterial hyperglycemia and disturbed sys-
temic and cerebral blood flow regulation.183-186 This link was confirmed in two 
recent clinical TBI studies that found a correlation between high arterial glu-
cose and poor pressure autoregulation (high PRx) in adult and pediatric 
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TBI.219,220 This was also evident in our study, as high arterial glucose inde-
pendently predicted worse pressure autoregulation.  
 
In contrast to earlier studies, we also evaluated the cerebral energy metabolic 
state and found an association between high arterial glucose with high cerebral 
LPR. This indicates that high arterial glucose, disturbed CBF autoregulation 
and cerebral energy metabolic failure is one possible pathophysiological path-
way. However, PRx55-15 and cerebral LPR only correlated day 2, indicating 
that other mechanisms could link arterial hyperglycemia with high cerebral 
LPR. For example, we found that the etiology of cerebral energy metabolic 
disturbances (LPR > 25) was often indicative of non-ischemic conditions (cer-
ebral pyruvate > 120 µM) and it is possible that the association between high 
arterial glucose and high LPR was partly explained by hyperglycemia-induced 
mitochondrial dysfunction.187  
 
In contrast to previous studies,110,111,221 we did not find a significant associa-
tion between arterial and cerebral glucose. One explanation could be that the 
cerebral energy metabolic rate had more influence on the cerebral glucose lev-
els in the early course, while the arterial glucose level had less influence, since 
it was kept within a relatively narrow target with few severe hypo- and hyper-
glycemic insults according to our NIC protocol. However, it is possible that 
this relation changes over time, as we have seen that arterial glucose is posi-
tively correlated with cerebral glucose in the later phase, day 6 to 10 post-
injury,222 in a similar TBI population as in the current study. 
 
The role of arterial hyperglycemia and optimal glucose management in gen-
eral and in TBI specifically are complex.188-197 Although arterial hyperglyce-
mia correlates with poor clinical outcome, tight glycemic control with IIT 
management has been associated with worse cerebral energy metabolism and 
poor clinical outcome in TBI.191-194,197 This indicates that the understanding of 
the pathophysiology and optimal glucose management in TBI can be im-
proved and that future prospective studies are needed to evaluate the effect of 
arterial glucose and hyperglycemia management on e.g. cerebrovascular reac-
tivity and cerebral energy metabolism over time post-TBI. 
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Conclusions 

Although two previous RCTs have found poor clinical outcome following 
treatment with DC in TBI patients, our findings indicate that individualized 
treatment with an escalated management protocol including both barbiturates 
and DC led to acceptable outcome. More studies are needed to further eluci-
date the role of DC in the management of TBI, e.g. when thiopental should be 
followed by DC and DC followed by thiopental. 
 
Poor pressure autoregulation was strongly associated with poor clinical out-
come, particularly day 2 to 5 post-injury. Furthermore, CPPopt (the CPP with 
the concurrently best pressure autoregulation) is a promising treatment target. 
Future prospective trials will determine if this target is safe, feasible and effi-
caciously improves clinical outcome. 
 
High intracranial pressure variability was associated with unfavorable varia-
bles such as reduced intracranial compliance and higher blood pressure varia-
bility, but still correlated with better clinical outcome. The favorable features 
of high intracranial pressure variability was likely explained by higher cere-
bral arterial compliance, cerebral vessel activity and possibly better CBF reg-
ulation. 
 
Mild hyperventilation (pCO2 4.0-4.5 kPa) as early treatment in severe TBI was 
not associated with worse cerebral energy metabolism, but correlated with 
better pressure autoregulation. This indicates that mild hyperventilation is safe 
and may improve pressure autoregulation. 
 
High arterial glucose in TBI was associated with poor pressure autoregulation, 
disturbed cerebral energy metabolism and unfavorable clinical outcome. Fu-
ture trials are needed to determine the causality of these associations, which 
may ultimately lead to improved arterial glucose management and outcome.   
 
This thesis highlights various aspects of pathophysiology, multimodality mon-
itoring and neurointensive care in severe TBI. By means of refining multimo-
dality monitoring we will be able to better detect and diagnose different patho-
logical processes in order to give more individualized care and improve the 
outcome for these patients.  
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Summary in Swedish – Sammanfattning på 
svenska 

Svåra traumatiska hjärnskador (THS) orsakar påtagligt lidande och död i värl-
den. Den primära hjärnskadan uppstår vid skadeögonblicket och går endast att 
förebygga, men inte att bota. Den skadade hjärnan är efter THS särskilt känslig 
för fysiologiska insulter, t.ex. syrebrist och feber, vilket kan leda till s.k. se-
kundära hjärnskador. Neurointensivvården av patienter med THS syftar till att 
förebygga dessa insulter och därmed minska de sekundära hjärnskadorna. I 
denna avhandling har några av de viktigaste neurointensivvårds-aspekterna 
studerats, i syfte att hitta faktorer som kan förbättra prognosen för de här pa-
tienterna. 
 
Efter en svår THS finns en överhängande risk att utveckla högt intrakraniellt 
tryck till följd av progredierande intrakraniella blödningar och hjärnsvullnad 
innanför det rigida skallbenet. Höga tryck kan leda till att hjärnans strukturer 
kläms in och att blodflödet upphör. Det finns flera metoder att förebygga och 
behandla högt intrakraniellt tryck. I knappt tio procent av de svåra fallen av 
THS hjälper inte de basala behandlingsalternativen och kraniektomi (bortta-
gande av skallbenet) är då den enda utvägen. Metoden sänker effektivt det 
intrakraniella trycket och har i flera retrospektiva studier visat goda resultat, 
men nyligen har två stora randomiserade kontrollerade studier (RCT) visat att 
varken tidig eller sen kraniektomi ökar andelen patienter som kan återgå i 
självständigt liv efter 6 månader. I avhandlingens studie I utvärderades indi-
kationen för och utfallet efter kraniektomi hos THS-patienter behandlade på 
den neurokirurgiska kliniken i Uppsala mellan 2008-2014. Nästan samtliga av 
Uppsala-patienterna skulle ha kvalificerat för RCTn med tidig kraniektomi, 
medan få skulle ha kvalificerat för RCTn med sen kraniektomi. Uppsala-pati-
enterna hade bättre utfall än motsvarande patienter i de båda RCTerna. En 
möjlig förklaring till skillnaden i utfall mellan studierna är att kraniektomi-
patienterna i RCTerna blev över- respektive underbehandlade i studien för ti-
dig respektive sen kraniektomi. Ett annat skäl kan vara att patienterna som inte 
svarat på basal behandling mot högt intrakraniellt tryck randomiserades till 
antingen kraniektomi eller barbiturat-terapi, medan vi tillät båda dessa be-
handlingar i vårt behandlingsprotokoll. Vi fann att barbiturat-terapi i många 
fall räckte för att kontrollera det intrakraniella trycket, så att en kraniektomi 
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inte behövde utföras, och att dessa patienter hade bra kliniskt utfall. Således 
kunde behandlingen individualiseras till en högre grad än i RCTerna. 

 
Vidare är det av stor vikt att patienter med svår THS upprätthåller ett adekvat 
blodflöde till hjärnan. Flera tidigare studier har visat att ischemiska (p.g.a. för 
lågt blodflöde) hjärnskador är vanliga efter THS och gängse behandlingsre-
kommendation är att uppnå ett tillräckligt högt perfusionstryck (hjärnans per-
fusionstryck = medelartärblodtryck – intrakraniellt tryck), ofta över fasta trös-
kelvärden såsom 60 mm Hg. Senare studier har visat att hjärnans kärl ofta 
förlorar sin förmåga att reglera blodflödet (autoreglera) efter svår THS och att 
denna förmåga har stor betydelse för hur det går för patienterna. Kärlens re-
aktionsförmåga har visats variera med perfusionstrycket och det perfusions-
tryck som ger bästa autoregleringen kan definieras som optimalt för patienten 
(CPPopt). I studie II undersöktes den temporala dynamiken för neurofysiolo-
giska variabler som perfusionstryck och autoreglering i relation till vilken grad 
THS-patienterna återhämtat sig 6 månader efter skadan. I studien inkluderades 
362 patienter som vårdats på den neurokirurgiska kliniken i Uppsala mellan 
2008 till 2016. Resultaten visade att autoregleringen var signifikant bättre för 
de patienter som sedermera kunde återgå till ett självständigt liv efter 6 måna-
der, särskilt betydelsefullt var graden av autoreglering dag 2 till 5 efter THS. 
Omfattningen av sekundära insulter från avvikande perfusionstryck beräkna-
des utifrån traditionella fasta tröskelvärden (inom 60 till 70 mm Hg) respek-
tive det ”optimala” perfusionstrycket. Det visade sig att perfusionstryck som 
avvek från det ”optimala” korrelerade starkare med sämre neurologisk åter-
hämtning än räknat från gängse fasta tröskelvärden. Det kan indikera att det 
”optimala” perfusionstrycksmålet bättre reflekterar optimalt blodflöde till 
hjärnan. 
 
I studie II undersöktes även om högre intrakraniell tryck-variabilitet kunde 
förklara varför perfusionstrycket avvek från det ”optimala”. Något sådant 
samband påfanns inte, däremot visades att högre intrakraniell tryck-variabili-
tet korrelerade med bättre kliniskt utfall för THS-patienterna. Detta är anmärk-
ningsvärt, eftersom högre intrakraniell tryck-variabilitet är associerat med 
ofördelaktiga tillstånd såsom högt intrakraniellt tryck. I studie III, med samma 
patienter som i studie II, utreddes möjliga förklaringar till varför det var för-
delaktigt med en hög intrakraniell tryck-variabilitet. Resultaten visade att 
högre variabilitet sannolikt, delvis, representerar friskare kärl i hjärnan som 
bättre kan reglera dess blodflöde och minska uppkomsten av sekundära hjärn-
skador. 
 
I studie IV och V studerades två behandlingsvariablers koppling till hjärnans 
ämnesomsättning efter THS. Båda studierna var baserade på samma populat-
ion av 120 patienter som alla vårdats på den neurokirurgiska kliniken i Upp-
sala mellan 2008 och 2018. Samtliga patienter hade fått mikrodialys placerad 
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i hjärnvävnad för att mäta den lokala ämnesomsättningen. I studie IV under-
söktes behandlingsmetoden mild hyperventilering (pCO2-mål inom 4.0 till 4.5 
kPa), som orsakar sammandragning av hjärnans kärl, vilket minskar hjärnans 
blodvolym och därmed syftar till att sänka det intrakraniella trycket. Tryck-
sänkningen kan dock ske till priset av ett för lågt blodflöde med åtföljande 
ischemiska hjärnskador. Mild hyperventilering var i enighet med vårt behand-
lingsprotokoll mer förekommande vid högt intrakraniellt tryck, men var inte 
kopplad till sämre ämnesomsättning i hjärnan, däremot till bättre blodflödes-
reglering. Således verkar mild hyperventilering vara en säker behandling och 
kan möjligtvis förbättra hjärnans blodflöde. 
 
Det är vanligt att blodsockret stiger efter THS som en konsekvens av svår 
stress. Höga blodsocker-nivåer är kopplade till sämre utfall för dessa patienter, 
men det är osäkert om sambandet är kausalt. I studie V påvisades att höga 
blodsocker-värden är associerade med en sämre blodflödesreglering till och 
en sämre ämnesomsättning i hjärnan. Den sämre ämnesomsättningen kan del-
vis bero på sämre blodflödesreglering, men även direkt störning av 
mitokondriernas energiomvandling. 
 
Sammantaget är modern neurointensivvård väldigt viktig för att förbättra pro-
gnosen hos patienter med svår THS. I denna avhandling fann vi att individu-
aliserad behandling med barbiturater och kraniektomi vid högt intrakraniellt 
tryck gav ett bra kliniskt utfall. Hjärnans blodflödesreglering är ofta störd efter 
THS och behandling utifrån optimalt perfusionstryck verkar lovande. Med 
mikrodialys-monitorering kan hjärnans ämnesomsättning utvärderas, vilket 
kan vara användbart för att t.ex. avgöra nyttan/risken av hyperventilering och 
de eventuella konsekvenserna av högt blodsocker hos den enskilda patienten. 
Traumatiska hjärnskador är heterogena och information från flera monitore-
rings-metoder kan med fördel utnyttjas för att tidigare upptäcka och differen-
tiera olika patologiska processer, utifrån vilken en mer individualiserad be-
handling kan utformas, till gagn för patientens prognos. 
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