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Chapter 20
Multimodality Monitoring

Richard Cassa and Nils Petersen

20.1  �Introduction

Brain multimodality monitoring (BMM) encompasses a variety 
of technologies that can provide real time information about the 
relative health or distress of the brain after various forms of 
acute injury. Multiple pathologic processes such as inflamma-
tion, brain edema and ischemia can lead to evolving brain dam-
age. This so-called secondary brain injury significantly 
contributes to disability and long-term outcome. By optimizing 
cerebral hemodynamics, oxygenation and metabolism, BMM 
can help to create and maintain an optimal physiologic environ-
ment for the injured brain.
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20.2  �Case Presentation

A 44-year-old man fell and hit his head on a rock while skiing 
on an unmarked slope. The patient was not wearing a helmet at 
the time of his injury. At the scene, he intermittently opened his 
eyes, moaned and had flexion withdrawal of his arms (Glasgow 
Coma Sore 6). There was a contusion on his forehead but no 
other signs of injury. The patient was transported to the nearest 
emergency room where he no longer opened his eyes, had 
extensor posturing of his arms and made no verbal responses.

A non-contrast head CT revealed bilateral frontal contu-
sions with evidence of transtentorial herniation (Fig.  20.1). 

Fig. 20.1  Case presentation head CT showing bilateral frontal contusions
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An external ventricular device (EVD) was emergently placed 
and revealed an elevated opening pressure of 34  mmHg. At 
the same time a multi-lumen bolt was placed for monitoring 
of brain tissue oxygen and cellular metabolism. The patient 
was started on hyperosmolar therapy to counter the effects of 
the present ICP crisis. Once the patient arrived to the Neuro 
ICU, he was connected to continuous EEG monitoring, which 
revealed evidence of subclinical seizures. Data from microdi-
alysis showed evidence of cerebrometabolic crisis. The 
patient was loaded with an antiepileptic agent to control the 
seizures. Once the subclinical seizures were controlled, the 
lactate/pyruvate ratio decreased and the patient’s ICP normal-
ized. PbO2 levels in in the brain also stabilized.

An MRI of the brain revealed evolution of the bifrontal 
contusions, but no strokes were seen. After many days the 
patient was successfully extubated and was able to eat on his 
own. Clinically his exam was consistent with a bifrontal injury. 
He was discharged approximately 2 weeks after admission to an 
acute rehabilitation facility that specializes in acute brain injury.

20.3  �Intracranial Pressure (ICP)

ICP reflects the global pressure in the intracranial vault. 
Measurement of ICP remains the most commonly performed 
type of monitoring in patients with acute brain injury and is 
routinely used to guide medical care. Elevated intracranial pres-
sure can compromise cerebral blood flow and lead to brain 
herniation. The most common devices for ICP measurement are 
intraventricular catheters and fiberoptic intraparenchymal moni-
tors. Intraventricular catheters are surgically placed into the 
frontal horn of the lateral ventricle and connected to an external 
pressure transducer. They are highly accurate and allow for 
therapeutic drainage of CSF. The primary disadvantage is a high 
rate of infection (5–10%) and difficult placement in case of 
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small or compressed ventricles. Intraparenchymal monitors con-
sist of a small catheter with a fiberoptic microtransducer at the 
tip. They have a lower complication rate and are not at risk for 
catheter occlusion or leakage. Their main drawbacks include the 
inability to drain CSF for diagnostic or therapeutic purposes and 
the potential to lose accuracy over several days, as catheters can-
not be recalibrated after initial placement [1]. The decision to 
place an ICP monitor is generally made when a patient is sus-
pected to have elevated ICP (imaging and exam findings) and 
coma (GCS of 8 or less). Normal values range between 7 and 
15 mmHg. The threshold that defines intracranial hypertension 
is uncertain but generally values above 20–25 mmHg are con-
sidered pathological [2]. It is important to consider that when 
little or no CSF volume is left due to brain swelling, compart-
mentalized intracranial hypertension may exist. Uniformly dis-
tributed ICP requires that CSF can circulate freely between all 
its natural pools, thus equilibrating pressure everywhere. In 
circumstances where CSF becomes trapped in isolated areas, 
ventricular catheters may not reflect ICP in all intracranial 
compartments.

Continuous measurement of ICP can be use to calculate cere-
bral perfusion pressure (CPP). Under normal circumstances, the 
cerebral vasculature has the intrinsic ability to maintain a stable 
blood flow despite changes in cerebral perfusion pressure, a 
mechanism known as cerebral autoregulation [3, 4]. This mech-
anism ensures that the cerebral blood flow matches the brain’s 
metabolic demands and protects it from hypo- or hyperperfu-
sion. After acute brain injury, this precise control of cerebral 
blood flow is frequently impaired, and as a result, acute changes 
in systemic pressure are passively transmitted to the cerebral 
circulation. This may lead to insufficiently low cerebral blood 
flow causing ischemia, or conversely, too high flow causing 
intracranial hypertension and cerebral edema. Although the 
optimal CPP for a given patient may vary, it is generally kept 
between 60 and 110 mmHg.
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In addition to absolute pressure measurements, analysis of 
the ICP waveform can provide clues about reduced brain com-
pliance (Δ volume/Δ pressure), which often precedes frank ICP 
elevations [5]. As compliance falls, the second peak of the ICP 
waveform (P2 or tidal wave) becomes elevated relative to the 
first peak (P1 or percussion wave) giving the wave a more 
rounded appearance (Fig. 20.2).

Elevated ICP is consistently associated with poor outcome 
and increased mortality [6]. Refractory ICP is associated with a 
drastic increase in risk of death [7]. However, a recent random-
ized controlled trial failed to demonstrate a benefit from ICP 
monitoring after traumatic brain injury [8]. This trial compared 
two management strategies, in which treatment was triggered by 
either ICP monitoring or by a combination of physical exam 
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Fig. 20.2  ICP waveform in conditions of normal (a) and abnormal (b) 
intracranial compliance. P1: Percussion wave; P2: Dicrotic wave; P3: Tidal 
wave (Image used with permissions from Welbourne J, Matta B Intracranial 
Pressure Measurement. In: Bedside Procedures in the ICU.  Springer, 
pp. 191–199)
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findings and neuroimaging. It must be emphasized that evalua-
tion and treatment of elevated ICP was fundamental to both 
groups in this trial, and although there was a trend towards 
lower mortality and more efficient care, ICP monitoring alone 
may not be enough to enhance TBI outcome. Care of severe TBI 
is complex with several mechanisms contributing to secondary 
brain injury. Consequently, it may require additional monitors 
(i.e. brain multimodality monitoring) to gain better insight into 
patient specific pathophysiology and provide more targeted care 
in order to improve outcome.

20.4  �Cerebral Blood Flow

Recent advancements in technology allow direct measurement 
of regional blood flow via thermal diffusion (TD-rCBF). The 
probe consists of small catheter that contains two metal plates at 
its distal tip (about 5 mm apart). The distal plate is minimally 
heated thereby generating a constant spherical temperature 
field. Temperature variations at the proximal sensor are a mea-
sure of the tissue’s ability to transport heat and correlate with 
cerebral blood flow. The probe is usually inserted into the brain 
parenchyma through a multi-lumen bolt next to ICP and PbtO2 
probes. It provides a continuous and quantitative measure of 
blood flow in a small volume surrounding the catheter tip. 
Regional CBF values have shown good agreement with xenon 
enhanced CT [9]. The technique has been used in combination 
with PbtO2 to optimize CPP after TBI and guide blood pressure 
management in SAH patients with vasospasm [10, 11]. While 
the technology is promising, the available data is limited with-
out clearly defined ischemia thresholds. Although the risks of 
probe placement are small (1–2% risk of bleeding, infection) 
and comparable to the complication rate of other intraparenchy-
mal catheters, the utility of rCBF monitoring is limited due to its 
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invasive nature as well as its small sample volume with uncer-
tainty about where to place the probes. Furthermore, the accu-
racy of TD-rCBF probes may be influenced by elevations in 
temperature.

20.5  �Jugular Venous Oxygen Saturation 
(SjvO2)

Venous blood from the brain drains via the cerebral sinuses and 
jugular veins to the right atrium. Measurement of the oxygen 
saturation in the draining blood provides information about the 
balance between oxygen delivery and the cerebral metabolic 
demand. Simplistically, when metabolic demand exceeds sup-
ply the brain extracts more oxygen resulting in a decreased 
SjvO2.

For the measurement of SjvO2, a catheter is placed retro-
grade via the internal jugular vein into the jugular bulb (dilated 
portion of the jugular vein just below the base of the skull). It is 
important that the catheter tip is positioned beyond the inlet of 
the facial vein and inferior petrosal sinus to avoid contamination 
with oxygen-rich, extracerebral blood. Placement of the catheter 
tip in the jugular bulb should be confirmed with a lateral skull 
radiograph. The tip of the catheter should be at the level of the 
mastoid air cells [12].

O2 saturation can be measured continuously using a fiberop-
tic catheter or intermittently by drawing and analyzing a blood 
sample.

Under physiologic conditions, cerebral blood flow matches 
metabolic rate of oxygen (CMRO2) and the difference in oxy-
gen content between arterial and jugular venous blood (AVDO2) 
remains constant. If arterial oxyhemoglobin saturation and 
hemoglobin concentration remain stable, the SjvO2 is a good 
approximation of the AVDO2. A low SjvO2 (i.e. jugular desatu-
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ration) indicates increased oxygen extraction from the blood, 
suggesting inadequate cerebral blood flow in relation to 
CMRO2. A high SjVO2 indicates that oxygen supply is greater 
than demand (Table 20.1).

Monitoring of jugular venous oximetry can be considered in 
comatose patients (GCS ≤8) at risk for cerebral ischemia such 
as severe traumatic brain injury or high-grade subarachnoid 
hemorrhage [2]. In these patients monitoring of SjvO2 allows 
early detection of ischemia and can be used to guide hyperven-
tilation therapy [13–16]. Robertson et al. reported that jugular 
venous desaturation (SjvO2 <50%) were a frequent occurrence 
in patients with severe traumatic brain injury and in the major-
ity of cases could be attributed to elevated intracranial pressure, 
hypocarbia and hypotension. Furthermore, the number of 
desaturations was associated with an increased risk of death 
and poor neurologic outcome [14, 16]. Hyperventilation ther-
apy is frequently used in the management of intracranial pres-
sure. Reductions in PaCO

2
 lead to cerebral vasoconstriction 

resulting decreased intracranial volume and pressure. However, 
the reduction in blood flow can also cause cerebral hypoperfu-
sion and thus precipitate or worsen ischemia. SvjO2 has been 
shown to correlate well with brain tissue oxygen (PbtO2) and 
SvjO2 monitoring can be useful to optimize hyperventilation 
therapy [15]. However, small regions of critically hypoperfused 
brain have been demonstrated even while SvjO2 remained 
above 50% [17].

Table 20.1  SjvO2 reference values [2, 13]

SjvO2 Value Interpretation

<55% Indicates jugular desaturation and suggests inadequate 
CBF in relation to CMRO2

55–75% Normal
>75% Indicates that oxygenation exceeds metabolic demand
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It is important to emphasize that SjvO2 is a global measure 
of cerebral oxygenation and not very sensitive for detecting 
regional ischemia. For jugular venous desaturations <50% to 
occur, at least 13% (170 ml) of the brain has to become ischemic 
[18]. Further limitations include considerable variability in satu-
rations measured from both sides of the brain [19]. The sensitiv-
ity to detect jugular venous desaturation can be increased by 
cannulating the side of the predominant lesion or for diffuse 
injury the side with the larger jugular foramen on CT imaging 
[20]. Alternatively, the dominant internal jugular vein can be 
determined by unilateral compression of the vessel and selec-
tion of the side that produces the greater rise in ICP as it likely 
represents the side of predominant venous drainage [21]. 
Contamination with extracranial blood can occur if the catheter 
is placed too proximally or in cases of intermittent sampling if 
blood is aspirated rapidly (>2 ml/min). Inaccuracies may also 
occur if catheter tip is thrombosed or impacted against the ves-
sel wall. While the rate of infection and complications related to 
catheter insertion are rare, the incidence of subclinical thrombo-
sis is reported in up to 40% of cases [22].

20.6  �Continuous Electroencephalography

Continuous electroencephalopathy monitoring (cEEG) in the 
neurocritical intensive care unit is primarily used for the detec-
tion of non-convulsive seizures (NCSz) or status epilepticus 
(NCSE) in patients with unexplained changes in level of con-
sciousness. EEG is also helpful for the characterization of sud-
den spells such as tremors, twitching, posturing, eye deviation 
or agitation. Other indications in include detection of cerebral 
ischemia, monitoring the level of sedation and titration of medi-
cation during anaesthetic coma as well as prognostication.
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Seizures are seen in 10–30% of patients with acute brain 
injury [23, 24]. While the majority of them are not exhibiting 
motor features, subclinical seizures have been associated with 
increased intracranial pressure and disturbed brain metabolism 
possibly leading to secondary brain injury [25, 26]. Furthermore, 
patients with seizures have increased mortality and among 
patients with SAH seizure burden has been associated with poor 
functional and cognitive [27, 28].

There is limited data to support the use of cEEG compared to 
spot EEGs (approximately 30 min); however, spot EEG will not 
detect nonconvulsive seizures in about half of those having sei-
zures compared to longer monitoring [23].

Another important application of EEG in neurocritical care is 
the detection of brain ischemia. Brain function is represented on 
EEG as an oscillating wave of various frequencies. EEG activity 
is conventionally divided into the following frequencies (num-
ber of waveforms per second):

•	 Delta (0.5–3 Hz)
•	 Theta (4–7 Hz)
•	 Alpha (8–12 Hz)
•	 Beta (>13 Hz).

Most of the waveforms are generated by pyramidal neurons 
within the cortex. These cells are very sensitive to hypoxia and 
ischemia and EEG abnormalities can be seen within seconds 
to minutes. With decreasing cerebral blood flow, the EEG pro-
gresses through predictable changes: (1) loss of faster beta 
frequencies, (2) slowing of background to theta and later delta 
range, and (3) background attenuation and finally suppression 
of all frequencies [29]. Therefore, EEG allows providers the 
opportunity to detect ischemia and to alter treatment before 
hypoperfusion leads to cell death and permanent injury. 
However, some of the early changes can be subtle and may not 
be appreciated on raw EEG. Mathematical processing of the 
raw data, also known as quantitative EEG (qEEG) analysis, 
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can help to better visualize these changes. Using frequency 
analysis, the original EEG can be quantified in terms of fre-
quency, amplitude and rhythmicity, which allows the calcula-
tion of numerical values or percentages. Furthermore, this 
digital form can compress long periods of EEG data into read-
able graphs allowing for prolonged monitoring of patients and 
aid detection of ischemia. The ideal qEEG measure to identify 
ischemia is still being debated and may depend of the clinical 
situation. A variety of parameters to measure slowing or 
attenuation have been suggested; they commonly include 
some ratio between fast and slow frequencies or a measure of 
the relative power (i.e. amount) of a specific frequency within 
the entire EEG spectrum.

Ischemia monitoring can be particularly useful in comatose 
or sedated patients when the clinical exam is limited. A reduc-
tion in alpha/delta ratio (8–13 Hz/1–4 Hz) and a decrease in the 
variability in relative alpha frequency have been shown to cor-
relate with angiographic vasospasm or delayed cerebral isch-
emia (DCI) in patients with poor-grade SAH [30, 31]. For 
detection of focal ischemia, the relative delta percentage appears 
to provide the most robust correlation with CBF [32]. Clinically, 
qEEG has been correlated with stroke severity as measured by 
the National Institutes of Health Stroke Scale, infarct volume on 
MRI, and functional outcome [33–36]. Furthermore, qEEG can 
be used to assess treatment response, and given the correlation 
to cerebral perfusion pressure may be helpful to guide blood 
pressure management in individual patients after large-vessel 
acute ischemic stroke [37].

Despite the many advantages of cEEG, it does have its draw-
backs. The monitoring systems, technician training, and the 
costs of disposable equipment can be expensive. Frequent 
review of many hours of data is necessary and can be time con-
suming. Quantitative EEG has the promise to reduce some of 
this time; however, having clinicians specially trained to inter-
pret qEEG results is essential.
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20.7  �Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) is a non-invasive technique 
to measure the oxygen saturation of hemoglobin in the brain 
tissue. Delivered via optodes placed on the skin, near-infrared 
light has the ability to penetrate through scalp, bone and brain 
tissue up to a depth of about 3 cm. NIRS operates on the prin-
ciple that the majority of near-infrared light is absorbed intracra-
nially by oxygenated hemoglobin (HbO2) and de-oxygenated 
hemoglobin (Hb). Assuming constant scattering and applying 
knowledge of the absorption spectra for HbO2 and Hb, light 
attenuation can be converted into concentrations of HbO2 and 
Hb using the modified Lambert–Beer Law [38]. Their sum pro-
vides the total hemoglobin concentration (HbT) and the ratio 
HbO2/HbT equals the oxygen saturation of hemoglobin in brain 
tissue (StO2 or ScO2). In the setting of stable arterial oxygen-
ation and cerebral metabolic rate, StO2 has been used as a sur-
rogate for cerebral blood flow [39].

NIRS has many clinical applications. For example, NIRS can 
be used to monitor for changes in cerebral blood flow and oxy-
genation without the need for invasive probes and has been used 
to provide information regarding cerebral autoregulation after 
TBI, stroke and subarachnoid hemorrhage [40–42].

Despite the increased utilization of NIRS, there are some 
important limitations. First and foremost, there is concern for 
extracerebral contamination of the NIRS signal. In order to 
measure brain tissue oxygen saturation photons must travel 
through scalp, skull and dura, which contain various concentra-
tions of blood and other tissue-derived chromophores (light 
absorbing molecules), which potentially confound the signal 
derived from the cerebral cortex [43]. In addition, NIRS light 
attenuation is not just the result of absorbtion by target chromo-
phores (Hg and HgO2), but also light scattering. Bone, hair, 
subgaleal collections, subdural hematomas, and differences in 
areas of subarachnoid spaces can result in in nonlinear relation-
ships between absorption and attenuation changes [44].
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20.8  �Cerebral Microdialysis

Cerebral microdialysis is used to measure brain tissue chem-
istry thus providing important information about brain metab-
olism and more specifically the adequacy of energy supply 
and cellular function. A thin catheter is placed through a 
cranial bolt into an area of interest in the brain parenchyma. 
The catheter is lined with a semi-permeable dialysis mem-
brane and constantly perfused at a very low rate with an iso-
tonic solution (e.g. artificial cerebrospinal fluid). Molecules 
below a certain size (usually 20 kDa) diffuse from the extra-
cellular space through the membrane into the perfusion fluid, 
which is collected at regular intervals (e.g. every 60 min) and 
analyzed at the bedside using the manufacturer’s equipment 
[45]. The analysis usually includes concentrations of glucose, 
pyruvate, lactate, glutamate, and glycerol. Many other metab-
olites as well as exogenous substances such as administered 
drugs can be studied, however, their clinical utility remains to 
be determined.

Glucose, pyruvate, and lactate provide information about 
the available fuel source of the brain as well as the brain’s 
ability to go through aerobic metabolism. When energy is 
needed, glucose undergoes a series of enzymatic conversions 
known as glycolysis. Under aerobic conditions, the resulting 
pyruvate enters the citric acid cycle and gets metabolized to 
ATP. During hypoxia and ischemia, the end product of pyru-
vate is lactate resulting in an increased lactate to pyruvate 
ratio (LPR). Ischemia also results in the release of glutamate, 
a marker of metabolic distress. High glycerol levels originat-
ing from glycero–phospholipid containing cell membranes 
indicate cellular breakdown. Normal values for the metabo-
lites have been established to help guide clinicians in inter-
preting this data (Table  20.2), however, variations over time 
and changes in response to therapeutic interventions may be 
more useful [46]. Furthermore, analyzing trends for multiple 
microdialysis markers rather than looking at individual metab-
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Table 20.2  Microdialyis reference values

Physiologic 
parameter Normal value(s)

Pathologic 
range Interpretation

Glucose 1.7 ± 0.9–2.1 ±  
0.2 mmol/L

<1.1 or 50% 
below 
baseline 
in 2 h

Decreased delivery 
(e.g. vasospasm, 
edema, ICP crisis, 
hyperventilation)

Increased glucose 
consumption (e.g. 
fever, seizure, 
shivering)

Decreased systemic 
supply (e.g. 
hypoglycemia)

Lactate 2.9 ± 0.9–3.1 ±  
0.2 mmol/L

6.7 ± 1.1 Elevated lactate 
indicates 
anaerobic 
metabolism

Pyruvate 151 ± 12–166 ±  
47 μmol/L

84.3 ± 35.8

Glutamate 14 ± 3–16 ±  
16 μmol/L

Not defined High amounts are a 
marker for 
ischemia

Glycerol 82 ± 44–88 ±  
14 μmol/L

Not defined High levels indicate 
cell membrane 
destruction caused 
by energy failure

Lactate/Pyruvate 
Ratio (LPR)

19 ± 2–23 ± 4 >40 or >50% 
above 
baseline

Increased LPR and 
decreased 
pyruvate indicate 
decreased O

2
 

delivery
Increased LPR and 

normal or high 
pyruvate indicate 
increased O

2
 

consumption or 
mitochondrial 
dysfunction

From Hillered et al. [45]
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olites may allow for a more meaningful interpretation. For 
example, a typical pattern of cerebral ischemia includes a 
marked decrease in brain glucose, elevated lactate, increase in 
LPR and lactate to glucose ratio (LGR) and a moderate 
decrease in pyruvate [45].

Cerebral microdialysis has been used in various clinical 
situations and is indicated in patients at risk for cerebral isch-
emia, hypoxia, energy failure, and glucose deficiency [2]. In 
patients with severe traumatic brain injury, it may contribute to 
prognostication. A high lactate to pyruvate ratio has been 
shown to predict mortality and poor functional outcome [47]. 
For prognostication cerebral microdialysis should only be 
used in association with clinical indicators and other brain 
monitoring techniques [2]. After subarachnoid hemorrhage, 
cerebral microdialysis may identify ischemic tissue before it 
progresses to irreversible cell damage, thus providing an 
opportunity for therapeutic intervention. Cerebral microdialy-
sis can assist titration of medical therapies such as blood pres-
sure management or systemic glucose control. Whether 
treatments directed towards improving neurochemistry lead to 
improved outcomes remains to be determined.

Cerebral microdialysis has an excellent safety record and 
many of the same risks apply as with placing any type of 
catheter into the brain. However, just like brain tissue oxygen 
monitoring, cerebral microdialysis is a focal measurement 
and should be interpreted based on that capital location seen 
on postinsertion CT scan. Other limitations include the lack 
of real-time data given the time it takes for metabolite collec-
tion and sample analysis. Cerebral microdialysis is labor-
intensive and unit staff need to be trained in catheter 
maintenance, sample collection, and analysis using the manu-
facturer’s equipment. Also, it may be necessary to involve 
hospital IT personnel in order to integrate this data into the 
electronic medical record.
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20.9  �Brain Parenchymal Oxygen Tension

Adequate oxygen delivery to the brain is important to prevent 
secondary brain injury. Oxygen content in a discrete area of 
brain tissue can be measured with a small catheter placed 
through a cranial bolt into the white matter about 2–3  cm 
below the dura. The catheter provides continuous measure-
ments of the brain parenchymal oxygen tension (PbtO2), thus 
providing vital information about oxygen delivery and con-
sumption. Some uncertainty exists regarding the ideal place-
ment of the monitor. Because probes provide only regional 
information (~17 mm3), they are typically placed in the area of 
the brain at greatest risk for ischemia and secondary injury. In 
patients with focal injury such as ICH, well-demarcated cere-
bral contusions or infarction, a peri-lesional placement is pre-
ferred. For detection of ischemia related to vasospasm and 
DCI after subarachnoid hemorrhage (SAH), the probe is typi-
cally placed in the vascular territory supplied by the ruptured 
artery or hemisphere with the greatest clot burden. In patients 
with diffuse injury, probes are most commonly placed in the 
non-dominant frontal lobe.

•	 A normal PbtO2 value is between 23 and 35 mmHg [48].
•	 PbtO2 value of less than 20 indicates possible lack of brain 

oxygen and is considered a warning to clinicians that inter-
vention may be necessary [2].

Most data regarding PbtO2 comes from patients with trau-
matic brain injury and SAH.  Several observational studies 
have demonstrated an association between brain tissue 
hypoxia and unfavorable outcome [49]. PbtO2 can be influ-
enced by a variety of local and systemic factors including 
arterial blood pressure (MAP), ICP, fraction of inspired oxy-
gen (FiO2), arterial partial pressure of oxygen (PaO2), tem-
perature, and blood hemoglobin concentration. Among them 
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mean arterial pressure and FiO
2
 are most strongly correlated 

with PbtO2 [50]. However, a low PbtO2 can be seen despite 
maintenance of normal ICP and CPP [51]. Thus, strategies to 
improve PbtO2 should be tailored to the individual patient 
and additional monitoring devices (EEG, CBF monitor, brain 
temperature probe) may help to narrow the differential diag-
nosis of a low PbtO2. While one patient may respond to 
hemodynamic augmentation, another patient may require 
blood transfusion and an increase in oxygen transport capac-
ity. Most common interventions include CPP optimization 
(treatment of intravascular volume depletion, augmentation of 
blood pressure and cardiac output), treatment of elevated ICP 
(CSF diversion, osmotherapy or surgical decompression), 
ventilator management (adjustment of FiO2 or other ventila-
tor settings), or decreasing metabolic demand (sedation, treat-
ment of fever and seizures, hypothermia) [52]. It is unknown 
at this time if PbtO2- directed therapy alters prognosis; how-
ever current data is promising and a phase II study to test this 
hypothesis is currently under way.

Probe placement is generally safe with a low complication 
rate and data is accurate for up to 10 days [49, 53]. There are 
some limitations and challenges in obtaining PbtO2 data. 
Because of substantial differences in PbtO2 values between 
manufacturing companies, the device should not be used inter-
changeably. Also, the currently used bedside technique does not 
allow for accurate placement of catheters in the peri-lesional 
tissue.

20.10  �Bioinformatics

To capture the complex pathophysiology underlying acute brain 
injury, it is important to record and integrate multiple parame-
ters of brain function. However, the systems currently in place 
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lack data integration, as most devices capture only the data that 
they acquire. In 2009, the American Society for Testing and 
Materials envisioned an ‘integrated clinical environment’ that 
will help to better assimilate medical devices and understand the 
complex interaction of various parameters.

Another important aspect of capturing this data is to ensure 
that the data is captured in a synchronous fashion. All data 
should be timestamped to coincide with each other. This will 
help give the clinician insight into physiological changes and 
how they relate to each other. Finally, a system needs to be 
designed that can filter data that may contain artifacts. 
Oftentimes, systems may need to be zeroed or are frequently 
disconnected in order to provide routine clinical care. A system 
must be able to recognize gaps and resulting artifact, and sepa-
rate these periods of data as they may mask underlying trends. 
By focusing on these key elements to data integration, providers 
will be able to better understand trends and begin to develop 
theories.

Currently, a small number of hospitals and institutions have 
designed the limited number of integrated systems that exist. 
The disadvantage of these systems is that data can only be col-
lected on one patient at a time. However, these systems are less 
expensive than distributed systems. Distributed systems are 
more difficult to set-up because they must be placed in multiple 
patient rooms. Information must be transferred to a computer 
server that can handle sensitive patient information.

Despite the advances in monitoring the neurocritical care 
patient in the ICU, the ability to import multiple data points 
into a coordinated system has been challenging. As the barri-
ers that limit the design of integrated system lessen, there is an 
opportunity for health care providers to interpret and under-
stand data that was previously unknown. Hypothesizing about 
this physiological information may lead to a better understand-
ing of the human brain and how it affects patient outcomes in 
the future.
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