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INTRODUCTION 
 
The injured brain undergoes dynamic changes after a primary insult. Although the backbone of 
neuromonitoring is a thorough neurological exam, changes found during the clinical exam often 
present as late signs, making it difficult to prevent secondary brain injury. (1)The International 
Multidisciplinary Consensus Conference on Multimodality Monitoring in Neurocritical Care has 
therefore deemed clinical bedside neurological monitoring as insufficient for the objective of 
preventing secondary brain injury in the neurocritical care unit (NCCU).(2) 
 
Goals of neuromonitoring include:(3) 
 

 Early detection of neurologic deterioration before irreversible brain damage occurs 

 Individualisation of patient care and management  

 Guiding therapeutic interventions 

 To prevent and treat adverse effects of therapy 

 Providing an understanding of the pathophysiologic mechanisms of complex neurological 
disorders 

 To assist with the development and implementation of management protocols 
Improving neurological outcome and quality of life in survivors of severe brain injuries 

 Prognostication 
 

Although the use of monitoring adds to the armamentarium of the intensivist, it cannot detract 
from the basics of ICU care: that is, volume status evaluation, cardiovascular stability, respiratory 
care, and metabolic consumption. A multimodal approach amalgamating the information garnered 
from neurological monitors with information about the patient’s clinical status through an 
integrated user-friendly interface would yield information which can help individualise and 
optimize patient care. 
 
Neurological Monitoring techniques can be classified into: (4) 
 

1) Whole-brain monitoring:   Intracranial pressure (ICP) monitoring devices  
Electroencephalography (EEG)  
Evoked potentials 
Jugular bulb catheters 

 
2) Regional brain monitoring:   Transcranial Doppler ultrasonography  

Laser Doppler flowmetry,  
Thermal diffusion flowmetry, 
Microdialysis catheters, 
Brain-tissue oxygen probes. 
 

They can also be classified according to the physiological event they are monitoring: 
 

1) Cerebral oxygenation 
2) Cerebral blood flow 
3) Cerebral pressure 
4) Cerebral autoregulation 
5) Cerebral electrical activity 
6) Cerebral metabolism 
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These various monitors can be supplemented with radiologic studies but these imaging methods, 
such as CT perfusion, Xenon enhanced CT and perfusion weighted MRI techniques, do not lend 
themselves to frequent bedside monitoring in the NCCU, and will not be elaborated herewith.  
With each individual monitor offering insight into different brain pathologies and processes, it is 
becoming increasingly obvious that no single monitor is able to provide all the necessary 
information about the physiology of the brain: there is no “ideal” neurological monitor. Multimodal 
monitoring is the use of more than one method to monitor a single organ when no one single 
method can provide complete information.(5) Multimodal monitoring in the neurocritical ICU has 
been greatly facilitated by advances in computing power which has enabled the processing and 
access of large amounts of information from various monitors to be integrated into a decision 
making process.(6) With the aid of these monitors and processors, real-time information about 
the health of the brain can be used to develop strategies to maintain an optimal physiologic 
environment for the compromised brain. (5) 
 
The various modalities are elucidated below 
 
Intracranial pressure monitoring 
 
The Brain Trauma Foundation lists ICP monitoring as the standard of care following TBI in 
patients with abnormal CT scans.(7, 8) Although this recommendation is more expert-
recommended (class IIb) than evidence based, there are well-described associations between 
elevated ICP and poor outcome. It is generally accepted that ICP cannot be accurately estimated 
on clinical grounds. The ability to continuously monitor ICP helps avoid “empirical” ICP treatment 
or blind prophylactic treatment. Monitoring of ICP has proven useful in a range of pathologies, 
including traumatic brain injury (TBI), hydrocephalus, stroke, and encephalopathy. 
 
While clinical examination and radiographic imaging can provide some insight into the status of 
the intracranial pressure, ICP monitoring is required for definitive measurement and continuous 
tracking allowing for individualized care. 
 
The BEST-TRIP trial conducted in Brazil and published in 2013 is the only randomized control 
trial to date to compare ICP monitoring to clinical examination and imaging.(9) The trial found that 
treatment based on ICP monitoring was in fact not superior to neurologic examination and serial 
neuroimaging for short-term or long-term recovery in severe TBI.(9) However, this trial has been 
criticized for providing substantial ICP lowering therapies to the control group, thereby 
confounding the finding.  Additionally, overall patient management in the study differed from the 
standard of care in better resourced centres. Importantly, the trial did not demonstrate worse 
outcome with ICP guided therapy. 
 
Why do we monitor ICP? 
Knowledge of the intracranial pressure allows the calculation of cerebral perfusion pressure 
(CPP). The brain’s high metabolic demands make it intolerant of even transient episodes of 
ischaemia. Decreases in the CPP cause consequent decreases in cerebral blood flow if the 
autoregulatory thresholds of the brain are exceeded in keeping with the Kellie-Monroe principle. 
ICP monitoring also allows early identification of raised pressure which could predispose to the 
devastating consequence of brain herniation: It goes without saying that it is preferable to avoid 
herniation than to treat it.(10)  Information gleaned from an ICP monitor may help guide decision 
making processes relating to patient care and even inform allocation of ICU resources. This 
information helps the NCCU team decide on either escalating or withdrawing care. ICP trends 
can be an early warning of mass lesion expansion, the appearance of new lesions, or evolution 
of oedema, ischaemia, or hydrocephalus. These conditions can therefore be effectively managed 
before clinical findings change. ICP values also have prognostic value: it can guide management 
and prognosis discussions with the family.  
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How do we measure ICP? 
 

 
Fig 1: Sourced from TeachMeSurgery.com (2020). 

 

 
Fig 2: ICP trace showing normal, elevated and plateau waves. 

 
ICP is measured by using devices inserted into the ventricle, brain parenchyma, and subdural or 
sub-arachnoid spaces (Fig 1). The first ICP monitoring system was the ventricular catheter 
connected to a fluid-coupled external strain gauge. This system has widely become considered 
as the gold standard ICP monitor in part because it can be used also to treat ICP through CSF 
drainage and can also be used to administer intrathecal drugs and allow in-vivo calibration.(1)  
However, despite this “gold-standard” status, no clinical outcome studies have shown that one 
monitoring technology is superior to others. (1) 
 
Parenchymal devices are easier to place, particularly when altered ventricular anatomy may limit 
ventricular catheter placement. However, intraparenchymal fibreoptic and electronic strain gauge 
systems needed to operate this device are more expensive and cannot be recalibrated once in 
situ.  
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Outside the ability of ventricular-catheter monitors to drain CSF as a potentially therapeutic 
manoeuvre, the choice of an ICP monitor is probably best decided based on factors such as 
accuracy, reliability, complication rates, ease of insertion, and cost. 
 
Monitoring ICP 
 
The normal ICP trace is pulsatile, reflecting cardiac and respiratory cycles. The cardiac 
component has three peaks: the P1 (percussion wave) correlating with arterial pulsation, P2 (tidal 
wave) generated by both arterial pulsation and resistance from intracranial parenchyma, and P3 
(dicrotic wave) reflecting closure of the aortic valve. As compliance worsens, often with 
intracranial hypertension, the amplitude of P2 may increase until it equals or exceeds P1 
 

 
Figure 3: Sourced from Zamzuri, I., M Muzaimi, and J Abdullah, Neurointensive Care Monitoring for 
Severe Traumatic Brain Injury. 2011 

 
 
The respiratory component of the waveform is generated by the changes in intrathoracic pressure 
caused by respiration. 
 

 
Figure 4: ICP trace reflecting changes in intrathoracic pressure caused by the respiratory cycle. 
 

In addition to the individual ICP waves and the “waves” resulting from respiratory variability, 
Lundberg described “slow waves which represent changes in ICP over a longer time frame. These 
are described in the tables and figures below: 
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LUNDBERG WAVES 

A waves Pathological, plateau shaped, amplitude 50-100mm hg, suggestive of low 
brain compliance 

B waves Rhythmic oscillations, amplitude < 50mmHg, occur every 1-2min, seen in 
patients undergoing mechanical ventilation, less useful clinically, suggestive 
of low brain compliance 

C waves Rhythmic oscillations, amplitude < 20mmHg, occur every 4-8min, 
synchronous with spontaneous variations in arterial blood pressure, non-
pathological 

(11)  

 
 
 
With modern medicine’s emphasis on recognizing and treating raised ICP timeously, the 
Lundberg plateaus shown above are rarely seen. 
 
The idea of a threshold ICP, although widely quoted, is controversial. Whether a single threshold 
applies across patients or even in one patient at all times has come under scrutiny: setting too 
high a value may allow unrecognized neural injury, whereas too low a value may result in 
overtreatment and iatrogenic complications. Also, the duration of time spent above a particular 
value may be of value: the cumulative time that ICP remained above 20mmg seems to inform 
outcome: it has been suggested that a cumulative “ICP-time burden” of 37 minutes led to poor 
outcome whereas durations of less than this has no adverse effect.(12) 
 
Perhaps more important than a single ICP threshold may be its trend over time, ICP waveform 
analysis, or whether the value signals clinical consequences. Continuous digital recording is the 
best method to acquire ICP data because this method can be linked to other monitors to calculate 
derived indices and should not miss transient changes in ICP.   
 
One of the most promising uses of continual recording is that it confers the ability to calculate the 
cerebrovascular pressure reactivity index. Cerebrovascular reactivity is a key component in 
cerebral autoregulation. This is often impaired in injured brains. The pressure reactivity index 
(PRx) is a measure of the correlation of blood pressure and intracranial pressure. In the normal 
range of intact autoregulation, blood pressure and ICP are negatively correlated.(10) That is, an 
increase in cerebral blood flow is followed by cerebral vasoconstriction that decreases the volume 
of the intracranial blood compartment, thereby decreasing the ICP. The PRx is a derived index 
calculated as a moving correlation between consecutive ICP and arterial blood pressure (ABP) 
values. (10) The values for PRx range from -1 to +1. Negative PRx indicates good 
cerebrovascular reactivity, and therefore preserved autoregulatory capacity while a positive PRx 
suggested deteriorated autoregulation.(10) 

Figure 5:  taken from : Elwishi, M. and J. Dinsmore, Monitoring the brain. BJA Educ, 

2019. 19(2): p. 54-5 
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Non-invasive techniques have been sought to measure ICP. These include 

- Optic nerve sheath diameter: The space between the optic nerve and its sheath is a 
continuation of the subarachnoid space, whose pressure is equal to ICP. When measured 
by ultrasound 3mm behind the globe, a diameter of > 5mm represents an ICP of 
>20mmHg. This technique can be performed rapidly at the bedside and is easily 
mastered.(13) 

- TCD Pulsatility Index: uses the TCD measurements of velocity. It is a reflection of 
peripheral resistance which is calculated using the systolic, diastolic and mean velocities.  
A formula has been derived to convert pulsatility index into ICP (from all causes), with a 
sensitivity of 89%, and specificity of 92%. Based on this formula, a PI of > 2.13 would 
correlate to an ICP > 22 mmHg whereas normal pulsatility index (PI) is < 1.2, and 
corresponds to an ICP of approximately 12 mmHg (14). The main advantage of PI is that 
it is not affected by the angle of insonation.  However due to its wide confidence interval, 
caution must be exercised in using it as a static measure of ICP. Its usefulness lies more 
as a trend monitor of ICP as well as a modality to rule-in ICP, thereby prompting more 
invasive continuous monitoring.(13) 

- Automated pupillometry measures pupil reactivity with an output of NPi: 0-5. A number 
less than 3 is associated with a poor outcome. NPi is an algorithm derived value. 

- Vitamed 205: uses doppler ultrasound to measure ICP by evaluating the flow through the 
ophthalmic artery. (13) 

 

 
Figure 7: Ultrasound of optic nerve sheath diameter. Sourced from emergency medicine journal. 

Figure 6: sourced from Miller, C.M. 
and M.T. Torbey, Neurocritical Care 
Monitoring. 2015: Demos Medical 
Publication.  
 
Prx as correlation co-efficient 
between slow changes in ABP and 
ICP. Negative Prx indicates good 
cerebrovascular reactivity (upper 
panel ) and positive-deteriorated 
reactivity (lower panel) 
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Electroencephalogram (EEG) 
One of the oldest methods of neurophysiological monitoring involves the measurement of cerebral 
cortical electrical activity. Electroencephalography (EEG) records the electrical activity generated 
in the cerebral cortex. The signal is susceptible to factors such as age, level of consciousness, 
and physical or mental activity.(15-17) In addition, many external or intrinsic stimuli can influence 
EEG background activity especially in the ICU environment which is considered “electrically 
noisy.”(17) 
 
The EEG signal is described using three basic parameters: amplitude, frequency, and time.  
Amplitude is the size, or voltage, of the recorded signal and ranges commonly from 5 to 500 μV 
(vs. 1-2 mV for the electrocardiogram signal). Because neurons are irreversibly lost during the 
normal aging process, EEG amplitude decreases with age.  
Frequency is measured in hertz and can be thought of simply as the number of times per second 
the signal oscillates. Frequency is conventionally grouped into four bands: δ, θ, α and β. The 
usual base frequency in an awake patient is the beta range (>13 Hz). This high-frequency and 
usually low-amplitude signal is common from an alert attentive brain and may be recorded from 
all regions. 
Time is the duration of the sampling of the signal; this is continuous and real time in the standard 
paper or digital EEG but is a “sampling epoch” in the processed EEG. 
 

 
Figure 8: EEG waveforms sourced from Miller’s Anaesthesia 9th Edition 

 
When events that lead the brain to produce higher frequencies and larger amplitudes occur, the 
EEG is described as “activated,” and when slower frequencies are produced (theta = 4-7 Hz, and 
delta = <4 Hz), the EEG is said to be “depressed.”  EEG data may be used to monitor brain 
function during surgery and is a valuable means of early detection of cerebral ischaemia, changes 
in depth of anaesthesia (processed EEG) and detection of seizure activity. General characteristics 
of the “abnormal” EEG include asymmetry with respect to frequency, amplitude, or both, recorded 
from corresponding electrodes on each hemisphere. Regional asymmetry can be seen with 
tumours, epilepsy, and cerebral ischaemia or infarction. (18) 
 
Epilepsy may be recognized by high-voltage spike and slow waves, whereas cerebral ischaemia 
manifests first with EEG slowing with preservation of voltage. Further slowing and loss of voltage 
occurs as ischaemia becomes more severe. Factors affecting the entire brain may produce 
symmetric abnormalities of the signal.(19) 
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Figure 9: Epileptiform Activity sourced from (20) 

 
The use of the EEG in the neurocritical ICU is varied. This modality is very sensitive to cerebral 
disturbances but lacks specificity. Uses in the ICU include:(10) 

 Seizure diagnosis in comatose patients as well as monitoring the efficiency of treatment 
for these seizures. The presence of nonconvulsive seizures (NCS) and non-convulsive 
status epilepticus (NCSE) has been shown to be an independent risk factor for increased 
morbidity. The incidence of NCSE has been found to be as high as 37% in those admitted 
with altered mental status. Studies have shown that the majority of seizures in the brain 
injured patient can only be detected by EEG monitoring, by virtue of them being mostly 
nonconvulsive and subclinical in presentation. Several studies suggest that the continuous 
monitoring of EEG background activity is necessary for at least 48 hours to detect 85% of 
convulsive and non-convulsive status epilepticus in comatose ICU patients, and in fact 
intermittent EEG monitoring misses up to 48% of these activities.(10) 
 
NCS can also present in the ICU due to the administration of muscle relaxants. There are 
a few clinical situations when the intensivist may feel the need to paralyse the patient: one 
such situation is to obliterate the shivering response to targeted temperature management 
which may be instituted after cardiac arrest. The consequence of paralysis in this situation 
also means that seizure activity is no longer convulsive in nature and the diagnosis of 
seizures would have to rely on continuous EEG monitoring. (21) 
 To confirm a diagnosis of NCS or NCSE:(16) 

o a repetitive pattern of focal or generalised epileptiform discharges at a frequency 
>2.5 Hz should be present for 10 s or 30 min, respectively.  

o If epileptiform discharges are present at a frequency <2.5 Hz: 
 AND  

 spatiotemporal EEG evolution is evident  
o OR  

 a trial of rapidly acting intravenous anticonvulsant therapy results in 
both clinical and EEG improvement. 

 In adult cardiac arrest patients: “malignant” versus “benign” post anoxic EEG patterns have 
been described. Malignant patterns include nonreactive background and spontaneous 
burst suppression and are a powerful EEG pattern (false-positive rate, 0%) to identify 
patients with poor outcome.  In general, when the CBF drops to between 25 and 35 mL/100 
g/min, the fast alpha and beta frequencies will appear attenuated on the EEG. If CBF falls 
even more to 17-18 mL/100 g/min, the waves of slow delta and zeta will be enhanced on 
the EEG. 
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Figure 10: illustrating malignant post-anoxic EEG 

 

 Assessment of sedative state 

 Detection of delayed cerebral ischaemia (DCI) after subarachnoid haemorrhage (SAH). 
The concept of ischaemia detection during carotid end arterectomy has been transferred 
to the ICU. Increased delta waves and loss of amplitude signal can be seen as early 
predictors of ischaemia which can potentially be reversed. Reduced alpha variability on 
continuous EEG (cEEG) has also been shown to be an early marker of brain dysfunction 
which preceded the diagnosis of angiographically documented vasospasm by a mean of 
2.9 days. When EEG is used for this purpose, monitoring should continue for the whole 
period of risk: up to 14 days after insult. Rivierez et al. studied 151 SAH patients on day 1 
and day 5 after SAH with standard EEG, and found that patients with bilateral bursts of 
slow waves were more likely to have DCI.  (10) 

 

 Titration of therapies for status epilepticus or barbiturate-induced coma including the 
monitoring of burst suppression pattern during treatment of refractory intracranial 
hypertension 

 

 Prognostication in Traumatic Brain Injury:  
o an increase or decrease in the absolute and relative amplitudes in the alpha and 

theta bands in the EEG can help differentiate survivors from nonsurvivors;  
o a delta EEG pattern is associated with death and poor functional outcome; 
o a reduced percentage of alpha variability is associated with poor prognosis;  
o the presence of EEG reactivity to painful stimuli is associated with a good 

outcome(10, 16) 
 
The EEG as an isolated monitor has modest sensitivity and high specificity. Many factors affect 
the output produced by an EEG, including anaesthetic and sedative agents, the number of 
channels used, and the patient’s physiology. EEG assessment relies mostly on visual analysis 
which remains the best method to recognize seizures. While it provides invaluable real-time, 
dynamic information even on the most sedated of ICU patients, this method is limited in that it is 
time-consuming and relies heavily on the availability of a trained neurophysiologist. To address 
these drawbacks, approaches to process the raw EEG have been developed. Quantitative EEG 
is when mathematical and analytical techniques are applied in order to analyse EEG frequencies.  
Commercial software has developed analytical tools which allow the visualization of a 
compressed EEG over longer periods of time. These tools incorporate propriety algorithms that 
aid in diagnosis of events such as seizures. However, the limitations to these tools need to be 
recognized, especially in an ICU setup where rhythmic patterns from ventilators, oral care and 
bed percussion may contribute to false positive readings. Verification by a trained 
neurophysiologist who cross references the automated detection with raw EEG is important. 
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The processed EEG 
 

  
Figure 11: Sourced from (22) 

 

While processed EEG (pEEG) guided monitoring is becoming more widely accepted during 
general anaesthesia to guide depth of anaesthesia, its use in critically ill patients for 
monitoring of sedation is less common.  
 

The processed EEG provides a compressed and simplified view of the raw EEG signals, by 
applying mathematical formulas and propriety algorithms to process the raw signal to produce 
a variable letter or numerical output. Several propriety algorithms are available including 
Entropy, Narcotrend, and Bispectral Index, amongst others. BIS is the most cited tool in the 
literature. This tool received FDA approval in 1996 and uses an algorithm which processes 
the EEG from a four-lead frontal montage, and  outputs a value between 0 and 100. BIS 
outputs include the “BIS” value and a sub-parameter, the suppression ratio (SR). 
A  BIS value of 100 indicates complete wakefulness, whereas 0 corresponds to an isoelectric 
or flat EEG indicative of coma. A value between 40-60 is often quoted as the level at which a 
patient is considered appropriately anaesthetised. These values however do not hold when 
ketamine, nitrous oxide or dexmedetomidine are used.  In fact, the anaesthesia produced by 
ketamine produces high frequency oscillations, and this can actually produce high BIS values 
even though the subject is adequately sedated.  
The suppression ratio (SR) is an estimate of the level of burst suppression describing the 
percentage of the preceding 63 second EEG trace that is isoelectric: a value of zero indicates 
no periods of isoelectricity, whilst 100 indicates complete isoelectricity. (23) 
 
The latest BIS devices also incorporate a colour density spectral array. This is a visual 
representation of the summated EEG activity: components that can be analysed in this are 
the range of colours and shape of waveforms. In an observation study Hernandez et al, the 
CDSA was able to identify epileptiform activity.(15, 23) 

  

Figure 12: illustrating CDSA 
Sourced from (20) 
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Due to its relative ease of use and interpretation, the use of the pEEG in the ICU has been 
an area of interest. Whether this mode of monitoring can replicate the features of the 
conventional EEG has been an area of recent research.  Studies suggest that BIS may have 
utility in detecting NCSE in a comatose patient, by demonstrating a BIS value out of context 
with clinical picture.(23) CDSA readout may be more sensitive a correlate with epileptiform 
activity. However, the literature on CDSA use is less extensive than that for a BIS value.  
 
Due to current lack of evidence, the processed EEG should not be relied on to diagnose or 
rule out NCSE in ICU. 
 
Evoked potentials 

 
Evoked potentials (EPs) are the electrical responses generated in the nervous system in response 
to a stimulus. EPs test the intactness of neurologic pathways in and out of a patient’s brain. This 
modality offers a non-invasive, inexpensive objective neuromonitoring tool that can be used 
serially and followed over time and even compared between patients.(10) 
 
Evoked potentials are divided in sensory and motor evoked potentials and are described in terms 
of latency and amplitude. Latency is defined as the time measured from the application of the 
stimulus to the onset or peak of the response. The amplitude is simply the voltage of the recorded 
response. According to convention, deflections below the baseline are labelled “positive (P),” and 
deflections above the baseline are labelled “negative (N).” The integer suffixed to the N/P label 

represents the post stimulus latency in msec. (10) 
 
Sensory evoked potentials are the electrical potentials generated in response to stimulation of a 
peripheral sensory nerve.  

 Somatosensory evoked potentials (SSEP) are obtained by stimulation of somatic sensory 
nerve fibres,  

 Visual evoked potentials (VEP) by stimulation of visual pathways 

 Auditory evoked potentials (AEP) by auditory pathway stimulation.  
Once the sensory nerves are stimulated, the responses are generally recorded from the scalp by 
surface electrodes; they may also be recorded from any point along the pathway of transmission. 
 
Somatosensory-evoked potentials (SSEPs) have been used since the 1970s and are currently 
the most common method of intra-operative neuromonitoring. (16) A peripheral or cranial nerve 
is electrically stimulated to evaluate functioning of the nerve, the dorsal root ganglia, the posterior 
(dorsal) columns of the spinal cord and part of the sensory cortex. Usually, large mixed nerves 
are used, typically the median or ulnar nerve at the wrist for upper extremity SSEPs, and the 
posterior tibial nerve at the ankle for lower extremity SSEPs are stimulated. Both motor and 
sensory nerves are stimulated, evidenced by a visible muscle twitch. Responses are recorded 
over the peripheral nerve or at any point along its path up to the sensory cortex.  
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Figure 13:  Top Panel:  Placement of SSEP electrodes for upper limb (median nerve at the wrist 

[circled]) and the resulting waveforms. 
Bottom panel: Ascending pathways 
Sourced from TOTW 2019: (24) 

 
SSEP are extremely low amplitude signals compared to EEG, electromagnetic artefact, muscle 
activity etc. In order to minimize the contribution of artefact, hundreds of SSEP signals are 
averaged, and background noise phased out. This averaging of 500-2000 stimuli contributes to a 
time lag needed to perform the averaging.  Establishing   reproducibility by at least two 
independent tests are required  
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Figure 14: Sourced from (1) 

 
N9: reflects the peripheral afferent volley. It is used as a reference point from which to calculate 
conduction time for the centrally recorded potentials. Peripheral neuropathy may increase the 
latency and decrease the amplitude of this waveform. 
N13 is generated by dorsal horn cells of the cervical spinal cord.  
P14 is generated in the caudal medial lemniscus within the lower medulla, with possible additional 
presynaptic contribution from the upper cervical cord.  
N18 is attributed to postsynaptic activity in multiple brainstem grey matter structures.  
N20 reflects activation of the primary somatosensory receiving area. 
The P14 to N20 interpeak latency (calculated by subtracting the P14 peak latency from the N20 
peak latency) is commonly referred to as the central conduction time (CCT). Absent or delayed 
central conduction with present peripheral conduction may permit lesions to be localized by 
SSEPs.  
 
SSEP have been used in ICU to aid neurological prognosis, especially in the setting of hypoxic 
Ischaemic encephalopathy (HIE) and traumatic brain injury (TBI). The N20 response is the 
principle component used for prognosis. (16)The bilateral absence of N20 indicates a poor 
prognosis, with specificity nearing 100% mortality in HIE. However, the converse is not true: the 
presence of N20 cannot predict prognosis in HIE. In TBI, however, the presence of N20 may 
confer a positive prognosis.(16) 
 
Other less studied settings for use of SSEP in prognostication include strokes, spinal cord injury, 
and encephalopathy. Their use in planning rehabilitation regimes in these settings is currently 
being investigated. 
 
Continuous EP (CEP) monitoring have been a growing area of interest. Studies comparing the 
use continuous EP to continuous EEGs in the setting of head injuries found that CEP was much 
better at detecting changes in neurologic condition than continuous EEG monitoring, especially 
in sedated and paralysed patients. This group also found significant correlation with the patients’ 
ICPs, with SSEP deterioration preceding ICP increase in 30% of patients SSEP monitoring offers 
a strong alternative to the long cherished ICP monitor. (10)



Transcranial Doppler Monitoring 
 

 
Figure 15: Sourced from(14) 
 
Transcranial Doppler (TCD) monitoring was first introduced into clinical practice by Aaslid et al. 
in 1982. (14) TCD allows the mean velocities in the intracerebral vessels to be measured, and 
the cerebral blood flow to be inferred from this information. (10, 25)This modality of 
neuromonitoring is non-invasive, portable and requires minimal patient co-operation, making it 
well suited for bedside monitoring. (10)The TCD probe transmits pulses of sound waves through 
the thin temporal bone, and uses doppler principles to calculate the flow velocity and direction of 
red blood cells in the middle cerebral (MCA), the proximal anterior cerebral (ACA), terminal 
intracranial (tICA) and posterior cerebral (PCA) arteries. (26)  
 
An important limitation of TCD results from the fact that most of the examination is done through 
the temporal bone, which may be too thick in 10-20% of patients to allow an adequate 
examination. (25) Another limitation is that the relationship of velocity to actual cerebral blood flow 
is valid only if the measured artery stays constant in diameter and the insonation angle of the 
probe is held constant. TCD is the only continuous neurologic monitoring technique that provides 
early warning for hyperperfusion and also monitors for the number of emboli delivered to the brain 
during various phases of an operation.(14, 25, 26) Because of their high echogenicity, emboli 
show up in the TCD spectrum as high-intensity transient signals and are easily identified as brief 
beeps or chirps within the background of the Doppler sounds.  
 
Indications for use include:(10) 

1. Detection and monitoring of vasospasm (VSP). The diagnosis of spasm with a TCD 
device is based on the haemodynamic principle that the velocity of blood flow in an artery 
is inversely related to the area of the lumen of that artery. However, repeated series, rather 
than isolated use of flow velocity measurements are required to accurately diagnose VSP. 
Baseline measurements should be taken at admission and measurements repeated daily 
in patients in whom vasospasm is a risk. Days 4 -14 are particularly important as the risk 
of VSP is increased. A rapid increase in flow velocity (>65 cm/second over 24 hours) is 
associated with a poorer outcome. This finding has been proposed as an indication to 
consider therapeutic induced hypertension. 
TCD monitoring of VSP follows an insonation protocol, which examines all proximal 
intracranial arteries. However, TCD-based diagnosis for vessels other than the MCA is 
generally less accurate. A normal MCA mean velocity is somewhere between 50 to 
80cm/sec. TCD based diagnosis of VSP lies on a spectrum with mean velocities 
>120cm/sec representing mild VSP, 120-160cm/sec representing moderate, and >200 
cm/sec representing severe vasospasm. Velocities greater than 200 cm/sec are predictive 
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of a residual MCA lumen diameter of 1 mm or less. (The normal MCA diameter is 
approximately 
 3 mm.)(10)So, while vasospasm can be diagnosed with absolute values of mean 
velocities, interpretation of these values needs to take the patient’s cardiovascular output 
state into consideration. Circulatory failure, or conversely a state of hyperaemia can give 
misleading interpretations. In this case, the Lindegaard ratio is useful. This is the ratio of 
the Mean velocity in the MCA to the ratio of the mean velocity in the ipsilateral extracranial 
ICA. A ratio of less than 3 indicates hyperaemia, while that of more than 3 points towards 
vasospasm. Severe vasospasm is indicated by a ratio greater than 6.  In summary, the 
criteria for diagnosing VSP using the MCA include:(10)  

 

 A mean blood flow velocity (BFV) greater than 200 cm/second,  

 A rapid rise in flow velocities (>50 cm/second/day),  

 A Lindegaard ratio (MCA: ICA) greater than 6 (indicates severe arterial narrowing).  
 

 
2. Estimation of intracranial pressure (ICP) and cerebral perfusion pressure (CPP) and 

determination of brain death.  
Raised ICP has a stepwise pattern as seen in the diagram below. Progressive increases 
in ICP leads to progressive decreases in CPP which leads to eventual cerebral circulatory 
arrest. The doppler wave begins with a normal systolic upstroke and a normal deceleration 
in the diastolic phase. As ICP increases, more external pressure is placed on the 
intracerebral vessels, the systolic phase rises, and during diastole, the raised ICP can start 
blunting the diastole so that it reduces below baseline in what is referred to as diastolic 
blunting. Further increases in ICP to pressures above diastolic pressure causes flow 
reversal during the diastolic phase. Eventually the area under the systolic curve and the 
area that is flow reversed become equal to each other. This stage is known as biphasic or 
oscillatory flow and causes the red blood cells within the cerebral vessels to move equally 
forward and equally backward, never reaching the lung for oxygenation, eventually leading 
to anoxic brain injury. The next phase of cerebral circulatory arrest is where systole is also 
affected. The raised ICP now also affects flow during systole resulting in small systolic 
spike waves. These waves are less than 50cm/sec in velocity, and don’t last more than 
200msec. 50cm/sec translates to a perfusion pressure of 1mmHg (using the modified 
Bernoulli equation ∆P=4v2).  This pressure is not compatible with life.  

 
TCD findings in keeping with the diagnosis of brain death include:  

 brief systolic forward flow or systolic spikes with diastolic reversed flow 

 brief systolic forward flow or systolic spikes and no diastolic flow 

 no demonstrable flow in a patient in whom flow had been clearly documented on a 
previous TCD examination. 
 

De Freitas and Andre performed the largest study to date including 206 patients with the 
clinical diagnosis of brain death in Brazil and found that TCD had a sensitivity of 75% for 
confirming brain death.(27) The validity of TCD-diagnosed brain death depends on the 
time lapse between brain death and the performance of TCD,  as some patients require 
repeated examinations before TCD criteria are met. 
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3. Monitoring for microembolic signals in the presence of acute ischemic stroke:  

 
TCD is able to detect high-intensity transient signals (HITS), otherwise referred to as 
microembolic signals (MES), which represent emboli traversing through the major intracranial 
vessels. TCD can monitor for emboli by continuous insonation of the middle cerebral arteries 
bilaterally. These MES are frequently identified following an acute stroke. (10) 

 
4. Monitoring of arterial occlusion in acute ischemic stroke 
TCD’s accuracy for detection of MCA occlusion is superior to other intracranial locations such 
as vertebral artery (VA) and basilar artery (BA) occlusions. 
 
Recent work has demonstrated a role for TCD monitoring in acute stroke to follow the evolution 
of the MCA occlusion in real time and to determine the speed of clot lysis. Overall, degree of 
recanalisation by TCD is an independent predictor of outcome. When combined with stroke 
severity and early CT ischaemic change, it is predictive of early outcome after intravenous tPA 
administration. 

 
 
As with all monitoring, the interpretation of TCD should take into account factors that influence 
flow velocities. These include factors such as age, sex, haematocrit, PaCO2, temperature, 
collateral flow and any therapeutic interventions being used. (25-27) 
 
The previous resistance to use of TCDs has been based on a relative unavailability of machines 
as well as a lack of skills with regards to this technology. However, with the ubiquitous availability 
of ultrasound in modern practice, the use of TCD for intracranial monitoring is set to become more 
commonplace.(14) 

spontaneous microembolic signal detected by 

transcranial Doppler monitoring in acute phase of 

stroke. Blue arrows indicate MES in wave 

spectrum and in Mode M 
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Cerebral Microdialysis 
 
Cerebral microdialysis is increasingly being used to provide analysis of brain tissue biochemistry 
in the ICU setting. The microdialysis (MD) catheter is 0.62mm wide, lined with semipermeable 
membrane with a pore size of typically 20 kDa. (10, 28)A 100-kDa catheter is available for 
collection of larger molecules. MD is based on the principle of diffusion of water-soluble 
substances across the semipermeable MD membrane driven by their concentration gradient.(10, 
28) The device essentially acts as a porous partition between the tissue environment and the 
perfusate, allowing extracellular parenchymal compounds to diffuse down a concentration 
gradient across the partition. Molecules below the membrane cut-off size diffuse down their 
concentration gradient and equilibrate with the perfusion fluid.  MD therefore samples substances 
present in brain extracellular fluid (ECF) and measures changes at the cellular level. 
 
Monitoring brain tissue biochemistry through microdialysis has the potential to: (3, 4, 9, 11, 25) 

 Guide individualised therapy after brain injury 

 Identify impending or early onset secondary injury in some cases before there is a change 
in ICP 

 Detect cerebral compromise when ICP or CPP is normal 

 Allow timely implementation of neuroprotective strategies 
 
Many substances can be measured using MD, but the key variables that are most relevant to 
neurocritical care can be categorised as follows:(28) 

• Energy-related metabolites e.g., glucose, lactate, and pyruvate 
• Neurotransmitters e.g., glutamate, aspartate, gamma-aminobutyric acid (GABA) 
• Markers of tissue damage and inflammation, e.g., glycerol, potassium, cytokines 
• Exogenous substances e.g., drugs 

 

 
 
Reinstrup et al., inserted MD catheters into the frontal cortex of patients undergoing surgery for 
benign posterior fossa lesions and collected microdialysate samples in the postoperative course 
to demonstrate baseline metabolite concentrations from the uninjured human brain.(29) 
 
 
 
 
 
 
 
 
 
 

Figure 16: sourced from Miller’s Anaesthesia 9th 
Edition  
The most assayed analytes are glucose, 
pyruvate, lactate, glycerol, and glutamate. Their 
collected concentration is approximately 70% of 
the actual concentration in the interstitial fluid.  
These analytes provide important information 
regarding neuronal integrity, cerebral metabolic 
distress, and the general metabolic state of the 
injured brain. 
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Suggested Normal concentrations of commonly measured Biochemical Markers in 
microdialysate samples from the uninjured human brain (28) 

Microdialysate  
Concentration 

Normal Value  SD 

Glucose (mmol/L) 1.7  0.9 

Lactate (mmol/L) 2.9  0.9 

Pyruvate (mol/L) 166  47 

Lactate/Pyruvate ratio 23  4 

Glycerol (mol/L) 82  44 

Glutamate (mol/L) 16  6 

 
 
Lactate to pyruvate ratio (LPR)  
LPR ratio is a marker of the redox state of the neuronal cells. A ratio of more than 25 is a warning 
of ischaemia and mitochondrial dysfunction. Glucose is taken up into neurons and glia and initially 
metabolised to pyruvate by glycolysis. When there is adequate oxygen delivery and tissue 
oxygenation, pyruvate enters the aerobic pathway to produce ATP. However, during periods of 
ischaemia, pyruvate enters the anaerobic pathway and is metabolized to lactate. The 
measurement of ECF lactate and pyruvate concentrations therefore provides information about 
the degree of ischaemia. (2, 25)However, the absolute value of lactate within the brain ECF is not 
in itself an indication of the degree of anaerobic metabolism as ECF lactate concentration can 
come from many different pathways. A LPR greater than 25 is viewed as abnormal, and a value 
greater than 40 may represent a concerning degree of ischaemia. (1) An elevated LPR in the 
setting of ischaemia or hypoxia is termed a Type I LPR.  LPR elevations can also denote metabolic 
distress that is not ischaemic in origin. This Type II LPR elevation has been described after 
traumatic brain injury (TBI) and aneurysmal subarachnoid haemorrhage (aSAH). (2, 7, 25, 28) It 
results from reduced pyruvate that may occur related to dysfunction of the glycolytic pathway. 
Other described causes of Type II LPR include congenital and acquired mitochondrial 
dysfunction, sepsis, citric acid cycle enzymatic abnormalities, hyperammonaemia, seizures, 
increased glycogenolysis from medication-induced metabolism, and halothane and other 
anaesthetic/hypnotic use.  (25) 
 
Glycerol 
Failure of cellular metabolism results in disruption of the cell membrane which ultimately leads to 
degradation of cell membranes. Glycerol makes up part of the neuronal cell wall. It’s presence 
and elevation in the microdialysis assays is a marker of tissue hypoxia or cell damage. (25) 
Glycerol assays have therefore been utilized as a definitive indicator of ongoing secondary brain 
injury. MD glycerol concentration typically is elevated in the first 24 hours after severe TBI, 
presumably as a result of the primary injury, and then exponentially declines during the ensuring 
3 days. (25) 
 
Glucose: The determinants of cerebral extracellular glucose concentration are complex and 
depend on peripheral blood glucose concentration, local capillary blood flow, and brain cell uptake 
of glucose. A particular advantage of cerebral MD monitoring after brain injury is its ability to 
assess not only the cerebral delivery of glucose but also its use. Microdialysate glucose levels 
are reduced in patients following TBI, and a concentration consistently less than 0.66 mmol/L in 
the first 50 hours post injury is associated with poor outcome. (1, 25)In the acute period after TBI 
there is typically a reduction in oxidative metabolism and increase in glucose metabolism. 
Extremely low brain ECF glucose is observed during periods of severe hypoxia or ischaemia after 
TBI and SAH, and associated with a brain tissue oxygen (PbtO2) of less than 1.3 kPa (10 mm 
Hg).(1) 
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Glutamate: Ischaemia, TBI, SAH, and other pathologies can lead to cell depolarisation and 
release of excitatory amino acids such as glutamate and aspartate. (10, 19, 25, 28) Excitotoxicity 
is one of several mechanisms implicated in neuronal injury.(1) Studies have demonstrated an 
association between increased MD glutamate concentration and poor outcome after TBI and 
SAH. (1)Glutamate is a recognised marker of metabolic distress and its elevation has been 
implicated as a marker of both early ischaemic and nonischaemic secondary brain injury after 
intraparenchymal haemorrhage, TBI, and aSAH. (25) 
Chamoun et al. found that patients whose glutamate levels normalized over a period of 120 hours 
had a lower mortality (17.1% versus 39.6%) and better 6-month outcome, compared to patients 
whose levels remained abnormally high. (1) 
In addition, they found that  glutamate levels greater than 20 mmol/L were associated with a 
nearly twofold increase in mortality.(1) 
 

Biochemical markers of secondary brain injury (28) 

Microdialysis Variable Biomarker for Comments 

Low Glucose  Hypoxia/Ischaemia 

 Reduced supply of 
glucose 

 Hyperglycolysis 

Should be interpreted in   
association with serum  
glucose 

Increased LPR  Hypoxia/Ischaemia 

 Cellular redox state 

 Reduced glucose 
supply 

 Impaired glycolysis 

Most reliable marker of 
ischaemia 

Increased Glycerol  Hypoxia/Ischaemia 

 Cell membrane 
degradation 

 

d-Increased Glutamate  Hypoxia/Ischaemia 

 Excitotoxicity 

 

 
 
Although “normal” and threshold MD values have been published, interpretation of these values 
is more clinically relevant when appreciated as part of a trend.(1, 4, 25) Values must also be 
interpreted in the context of other measured variables, clinical information, or radiologic findings. 
MD monitors local tissue biochemistry and reflects metabolic disturbances and neurochemical 
changes only in the region of the brain where the catheter is located. Measured values differ 
between measurements taken close to versus distant from a focal traumatic lesion. However, 
despite biochemical differences between “perilesional” and less-injured brain, Timofeev et al. 
observed that both areas showed a relationship between other physiologic variables (e.g., ICP, 
CPP, and brain tissue oxygen levels (PbtO2)) and biochemistry.(1) Compromised brain 
oxygenation translates into worse MD chemistry, but more so in perilesional tissue.  
 
Placement of the catheter is a matter of debate and investigation. Perilesional or most at-risk 
tissue placement seems to be the most accepted practice.(1, 25) In TBI, this would be in the area 
surrounding the mass lesion and in SAH, it would be the vascular area most likely to be affected 
by vasospasm. In diffuse axonal injury catheter placement in the nondominant frontal lobe is 
recommended. (2, 28) However, some clinicians advocate for the catheter to be placed in a 
normal brain region so that it can be used to indicate global cerebral metabolism. 
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Applications for clinical use 
 

 Prognostication 
Several studies in both TBI and SAH have demonstrated an association with disturbed MD values 
and worse clinical condition and outcome. (1, 25)Noteworthy were significant elevations of LPR, 
and glycerol in poor grade patients. Elevated LPR and glutamate concentration also were markers 
of poor outcome at 12 months post injury.(1) 
 

 Prediction of Secondary Injury  
Abnormal MD findings may precede changes in ICP and therefore has the potential to detect 
secondary brain insults such as hypoxia or ischaemia before changes can be identified by the 
clinical exam or even ICP monitoring. Adamides et al., who studied 14 patients with severe TBI, 
observed that elevations in brain lactate, LPR and glycerol often preceded an episode of 
intracranial hypertension by more than 2 hours.(1)  
 

 Monitoring the Effects of Treatment on the Injured Brain  
Cerebral MD has increased understanding of how current and potential neurointensive care 
treatment strategies affect the injured brain. Each therapeutic intervention can have both 
beneficial and deleterious side effects and are best used in a targeted fashion. For example, Oddo 
et al. have observed that induced normothermia can improve brain metabolism after acute brain 
injury, however, the onset of associated shivering can lead to tissue hypoxia. MD values may be 
useful in fine-tuning therapy.(1) 
 

 Drug Delivery  
Tisdall et al. investigated the relationship between brain ECF free phenytoin concentration 
measured with MD and plasma free phenytoin concentration and found poor correlation between 
the two. (1) This suggests that measurement of plasma free phenytoin concentration may not 
provide an accurate reflection of regional brain ECF drug concentration. This has implications for 
dosing regimens that rely on measurement of plasma levels. 
MD may be used to investigate other drug penetration in the brain and measure effect site 
concentration. 
 
The Future 
Any molecule present in the brain ECF that is small enough to cross the dialysis membrane can 
be collected and measured. (1, 7, 25) Changes in concentrations of cytokines, chemokines, and 
neurotrophic factors have been described after brain injury. This illustrates the opportunity to 
monitor many biochemical events simultaneously in the human brain and may provide insight into 
events ranging from aneurysm size to delayed ischaemia.(1) 
 
Brain Tissue Oxygen Monitoring 
The brain’s high metabolic demand combined with its limited stores of energy makes it critically 
dependent upon a continuous flow of oxygen. Hypoxia is defined as a reduction of tissue 
oxygenation such that cellular function and metabolism are adversely affected. (28) Brain hypoxia 
can cause secondary brain damage. So, in keeping with critical care objectives,  monitoring of 
brain tissue oxygen partial pressure to distinguish between normal and critically impaired tissue 
oxygenation has been integrated into the management of patients with acute brain injury.(10) 
Several observational studies suggest that cerebral perfusion pressure (CPP) and intracranial 
pressure (ICP) are not surrogates for brain oxygen and that brain oxygenation in fact varies 
independently of cerebral haemodynamics and ICP. (3, 4, 7, 25) 
 
Brain tissue oxygen (PbtO2) is defined as the partial pressure of oxygen in the interstitial space 
of the brain and reflects the availability of oxygen for oxidative energy production.(28) 
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Two technologies underlie PbtO2 measurement: one is based on the Clark principle, the other on 
an optical technique.(1)  The Clark principle uses the electrochemical properties of noble metals 
to measure the oxygen content of tissue. The Clark electrode consists of a membrane that covers 
a layer of electrolyte and two metallic electrodes. Oxygen diffuses through the membrane and is 
reduced at the cathode. The greater the oxygen partial pressure, the more oxygen diffuses 
through. The change in voltage between the reference electrode and the measuring electrode is 
proportional to the amount of oxygen molecules being reduced on the cathode.(1, 28) This 
oxygen-consuming process is temperature dependent, and so requires constant calibration to the 
patient’s temperature.  The Licox PbtO2 measurement is based on the Clark principle, but also 
includes a brain temperature probe (thermocouple) that is inserted through a triple-lumen bolt 
with the PbtO2 and ICP monitor, which allows for automatic calibration.(1, 10) 
 
The second technique used to measure PbtO2 is based on a fluorescence quenching technique 
in which a marker changes colour according to the ambient amount of gas. (1)Optode sensors 
are used to measure concentrations of substances by photochemical reactions that create 
changes in optical properties of indicator compounds. (1)OxyLabPO2 and Neurotrend allows 
PbtO2 to be measured using optical fluorescence technology. (1)Unlike the Licox, this process 
does not consume oxygen and does not affect the measured oxygen level. (1)However, the probe 
measures a smaller area than the Licox probe. 
 
For both probes, a post insertion oxygenation trial is used to assess changes in PbtO2 in response 
to increase in fraction of inspired oxygen (FiO2). (11)This trial helps exclude structural interference 
from surrounding microhaemorrhages or sensor damage resulting from insertion. (10, 11, 25) An 
equilibration of up to an hour is required in order to ensure stable readings. 
 
Licox catheters are precalibrated and can be inserted without any pre-use calibration. However, 
postinsertion stabilisation is required before readings are reliable. By contrast, the Neurotrend 
monitor needs bedside calibration to a defined oxygen concentration. The catheters are of 
different lengths; the Neurotrend is inserted at a greater depth than the Licox catheter. It needs 
to be noted that the critical PbtO2 threshold for hypoxia is different between the two systems, so 
it is difficult to compare different techniques(25) 
 
PbtO2 represents (2, 10, 11, 25) 
(1) the balance between regional oxygen delivery and cellular oxygen consumption,  
(2) oxygen diffusion rather than total oxygen delivery or cerebral oxygen metabolism, or  
(3) oxygen that accumulates in brain tissue: PET studies suggest it may correlate inversely with 
oxygen extraction fraction  
 
The increase in PbtO2 relative to an increase in arterial PO2 is termed brain tissue oxygen 
reactivity.(1) It is believed that this reactivity may be disturbed after brain injury. Many factors 
affect the PbtO2 value: CPP and MAP augmentation can increase CBF and therefore PbtO2, 
whereas the PbtO2 response to an oxygen challenge is relatively reduced in areas with low CBF. 
(1)This suggests that PbtO2 can provide information about CBF and impending cerebral 
ischaemia in certain conditions.(1) However, PbtO2 is more than a marker of ischaemia: PET, and 
microdialysis studies suggest that hypoxia in the brain can be independent of CPP and more 
related to diffusion rather than perfusion abnormalities.(1) 
 
PbtO2 represents the interaction between plasma oxygen tension and CBF.(1) 
 
The total amount of oxygen that diffuses across the blood brain barrier: 
PbtO2 = CBF X AVTO2 where AVTO2 is arterial oxygen tension minus oxygen partial pressure in 
venous blood (AVTO2 = PaO 2 – PvO2) (1) 
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So, PbtO2 is a function of CBF as well as PaO2. Unlike a SjvO2 monitor, which reflects the venous 
oxygen content in blood that exits the brain and so indicates the balance between oxygen delivery 
and oxygen use, PbtO2 is more a measurement of the oxygen that accumulates in brain tissue.(1) 
Based on the formula PbtO2 = CBF X AVTO2, reduced PbtO2 may indicate (1): 

 Reduced CBF (ischaemic hypoxia)  

 Impaired oxygen extraction due to increased gradients for oxygen diffusion  

 Cellular energy crisis  

 Haemoglobin concentration drops 
Hence PbtO2 may be considered a marker of “cellular function” rather than just simply an 
“ischaemia monitor”. Low PbtO2 is frequently observed after acute brain injury and can result from 
several pathologic mechanisms including ischaemia, anaemia, and reduced systemic 
oxygenation, among others.(1) PbtO2 monitoring helps optimize CPP, PaCO2, PaO2, and 
haemoglobin targets, and guide management of elevated ICP. This can help avoid unwanted side 
effects of treatments and reduce the extent of brain tissue hypoxia. By so doing, PbtO2 monitoring 
can complement the use of existing intracranial monitors and help target and individualize 
therapy.(1) 
 
PbtO2 probes sample approximately 15 mm2 of tissue around the tip, and the PbtO2 value 
depends on O2 diffusion from the vasculature to a small amount of tissue. It is therefore a regional 
monitor with values that depend on where it is sited. (11)This has led to debate about probe 
location and whether the value can be used to make decisions about global oxygenation. When 
PbtO2 is measured in “normal appearing” frontal subcortical white matter; evidence suggests that 
this measurement can be regarded as an indicator of global oxygenation. (7, 25) Optimal probe 
placement location continues to be a controversial issue. In TBI patients, most centres tend to 
place the monitor into normal-appearing brain tissue in the frontal lobe of the most severely injured 
hemisphere. When there is diffuse injury, the monitor is usually placed in the nondominant 
hemisphere. (25) Some recommend placement of the tip in penumbral areas, but this remains 
technically difficult to identify. In subarachnoid haemorrhage (SAH) patients, the monitor is usually 
placed on the side of the ruptured aneurysm or the area most at risk for vasospasm. (1, 10, 25) 
 
The identification of hypoxic brain tissue permits intervention potentially before irreversible injury 
occurs. In addition, threshold values provide therapeutic endpoints. However, in managing a 
patient, trends over time and how the PbtO2 value relates to other variables such as ICP and 
CPP, also should be considered. In addition, the threshold is not the only factor that is important 
in terms of outcome; the duration spent below threshold and the depth or severity of brain tissue 
hypoxia also are important. In fact, the duration of time that PbtO2 remains less than 10 mm Hg 
is an independent factor associated with poor outcome after severe TBI, and this association also 
is independent of ICP.  
 
Threshold values can vary with probe type and probe site, and so values obtained with different 
makes of monitors (e.g., Licox vs. Neurovent vs. Neurotrend) are not interchangeable. 
 
Licox PbtO2 values: (1, 25) 

 PbtO2 < 20 mm Hg:  indicates compromised brain tissue oxygen and often is taken as a 
threshold at which to consider or initiate therapy to correct brain oxygen the guidelines for 
severe TBI recommend that PbtO2 values less than 15 mm Hg be considered as the critical 
threshold for “ischaemia.” Microdialysis studies show that at this level other markers of 
ischaemia are elevated. Normal mitochondria require an oxygen level of about 1.5 mmHg 
to function; this corresponds with a PbtO2 level between 15 and 20 mmHg in normal white 
matter.  

 PbtO2 < 10 mm Hg is a marker of severe brain tissue hypoxia and is an independent factor 
associated with both mortality and unfavourable outcome.  
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 Values of 0 mm Hg that persist longer than 30 minutes and show no response to an oxygen 
challenge are consistent with brain death 

 

Brain Oxygen Values(28) 

Condition PbtO2 (mm Hg) 

Normal 25-50 

Hypoxic Thresholds 

Moderate brain hypoxia 15-25 

Critical Brain Hypoxia <15 

Severe Brain Hypoxia <10 

Elevated >50 

 
 
Considerations when using PbtO2 as a monitor of brain function:(1, 7, 11, 25) 
1) PbtO2 may be abnormal, despite a normal ICP and CPP and even when SjvO2 is normal.  
2) Abnormal PbtO2 is common after acute brain injury even after adequate resuscitation, 
defined as normal ICP and CPP. One episode of reduced PbtO2 may complicate the ICU course 

of up to 70% of patients often independently of ICP and CPP.  
3) Imaging studies obtained at admission after TBI do not reliably predict whether brain hypoxia 

will develop.  
4) Reduced PbtO2 often accompanies other markers of cellular compromise such as a raised LPR 

on microdialysis. Therapies aimed at correcting these such as head position, ventilator 
manipulation, CPP augmentation, and sedation are successful in correcting the abnormality in 
about 70% of episodes of reduced PbtO2.  

5)  PbtO2 values may help guide therapeutic interventions e.g., blood transfusion, osmotherapy, 
and decompressive craniectomy or identify harmful effects of other treatments such as 
vasoconstriction with hyperventilation or shivering with induced hypothermia.   

6)  PbtO2- pressure reactivity may be used to assess cerebral autoregulation and help target CPP 
in individual patients. 

7)  PbtO2 has been used for early detection of delayed cerebral ischaemia in SAH patients and 
to evaluate the effects of various therapies for DCI, temporary artery occlusion during surgery, 

angiography, or pharmacologic angioplasty. 
 
These various observations suggest that care based on information provided by a PbtO2 monitor 
may be a reasonable strategy in severe acute brain injury. 
 
The BOOST (Brain oxygenation in severe traumatic brain injury) II trial explored PbtO2-directed 
therapy in a randomized multicentre clinical trial of severe TBI patients. The trial recruited over 
117 patients with severe TBI in 10 ICU’s in the USA.(1, 25) The trial found that management of 
severe TBI based on multimodal ICP and PbtO2 monitoring reduced brain tissue hypoxia when 
compared to ICP monitoring alone. This was a phase 2 trial and was not powered to evaluate 
clinical efficacy, however, the PbtO2-cohort had numerically superior mortality and neurological 
outcomes. The BOOST3 trial has subsequently been designed to evaluate efficacy outcomes of 
a PbtO2-guided strategy and results of this trial are awaited. 
Therapeutic strategies combining the use of ICP and PbtO2 monitoring are summarised below. 
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Jugular Bulb Oximetry 

 

Figure 17: sourced from BJAanaesthesia.org 
 

The jugular bulb is the final common pathway for venous blood that drains from the cerebral 
hemispheres, cerebellum, and brainstem. (28) Therefore, the jugular venous oxygen saturation 
(SjvO2) reflects the balance between supply and consumption of oxygen by the brain.(8) 
Jugular venous oxygen saturation can be measured by intermittent sampling from a catheter sited 
in the jugular bulb or continuously using a fibreoptic catheter. (28) A comparison with the 
saturation of the arterial systemic blood allows the oxygen extraction ratio to be calculated.  
 
Jugular venous oxygen saturation monitoring is dependent on technical aspects such as correct 
catheter placement to exclude the extracranial circulation.(8) Sampling from the internal jugular 
vein with the dominant drainage, usually the right, is also recommended because oxygen 
saturation in the two jugular veins may be different.(8) If an intracranial pressure monitor is in situ, 
it is possible to determine the dominant side of venous drainage by manually occluding each 
internal jugular vein (sequentially) and noting which side results in a greater rise of ICP: the side 
with the greater rise being taken as the dominant side.(1, 8, 25) The catheter tip should lie at the 
level of the first or second cervical vertebral body, that is, above the point at which the jugular 
vein receives its first extracranial tributary, the facial vein: The extracranial contamination at this 
level is estimated to be about 3%. (8) The correct position of the catheter should be confirmed 
with a lateral cervical spine X-ray. Also, rate of withdrawal may influence extracranial 
contamination and it is recommended that sampling be done slowly to avoid this retrograde 
aspiration.(8) 
 
Jugular bulb venous saturation monitoring provides information about global cerebral 
haemodynamics and metabolism and has become an important tool in the clinical management 
of neurologically injured patients. The arterio-jugular oxygen content difference (AJDO2), which is 
calculated as the difference between the arterial and jugular oxygen content in paired blood 
samples, provides information about the adequacy of global CBF in relation to metabolic 
demands. (10) However, this is only correct if the cerebral metabolic rate for oxygen (CMRO2) 
does not change independently of CBF, that is, coupling between flow and metabolism is intact.(8) 
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Normal SjvO2 values range between 55% and 75%. Since oxygen is unable to be stored in the 
brain, measured SjvO2 allows for inference of oxygen delivery and utilisation. In simple terms, 
SjvO2 levels less than 55% suggest cerebral oxygen demand exceeding supply, for example, as 
a consequence of hypoperfusion. (1, 8) Low saturation values may result from low cardiac output, 
anaemia, severe vasoconstriction, systemic hypoxia, or increased oxygen utilization. SjvO2 is a 
global hemispheric measurement and hence regional ischaemia cannot be detected. So, although 
a normal SjvO2 does not guarantee absence of regional ischaemia, a low SjvO2 indicates either 
an increase in oxygen extraction or a reduction in oxygen delivery, which may be an indication 
cerebral ischaemia. A limitation of this mode of monitoring is that the volume of ischaemic brain 
required to cause a change in SjvO2 is large. A recent study in head-injured patients using 
positron emission tomography (PET) to quantify the ischaemic brain volume found that 170ml of 
brain volume was ischaemic at an SjvO2 of 50%.(1) 
 
Additionally, an elevated jugular venous oxygen saturation can be falsely reassuring because it 
may relate to scenarios associated with arteriovenous shunting or brain death when tissues are 
not metabolically active. In an early study, jugular venous oxygen saturation more than 75% 
occurred in almost 20% of 450 patients with severe TBI and was associated with worse outcomes 
compared to patients in whom jugular saturation was normal.(7) Elevated SjvO2 occurs during 
hyperaemia, significant sedation, neuronal hypometabolism and cell death, and high cardiac 
output.(7) Spuriously elevated saturations may also follow caudal displacement of the catheter 
with contaminated drainage from the higher saturated facial venous blood.   (7) 
 
Near Infrared Spectroscopy 
 
Near infrared spectroscopy (NIRS) is a non-invasive technique based on the transmission and 
absorption of near infrared light (700 to 950nm) as it passes through tissue.(28) Oxygenated and 
deoxygenated haemoglobin have characteristic and different absorption spectra in the near 
infrared, and their relative concentrations in tissue can be determined by their absorption of light 
in this wavelength range, thereby estimating brain tissue oxygenation. (7) Given that up to 80% 
of the cerebral blood volume is venous blood, cerebral oximetry determines predominantly local 
venous oxygen saturation.(7) The “normal” range of regional cerebral oxygen saturation is 
reported to lie between 60 and 75%, but there is substantial intra- and interindividual variability in 
near infrared spectroscopy–derived cerebral saturation and no validated regional cerebral 
saturation-defined ischaemic thresholds to guide therapeutic interventions.(7) 
 
NIRS has several potential advantages over other monitors. It allows for continuous non-invasive 
monitoring that is safe and relatively easy to perform.(25) Having a continuous, real-time measure 
of cerebral oxygenation can potentially identify critical ischaemic events before they manifest 
clinically and, in some cases, before other monitors may document changes. There are, however, 
some significant limitations: global cerebral perfusion is inferred from measurements over a very 
small area of the brain: the frontopolar brain. Also, normative data on normal values or expected 
changes for cerebral oximetry are not available. When used in the perioperative setting this 
drawback may be mitigated by the application of the sensors preoperatively which allows the start 
of a trend in conjunction with a baseline neurological examination. 
 
While NIRS technology has undergone considerable evaluation as a detection device in the 
operating room, the utility of NIRS within the neurocritical care unit is less developed. NIRS 
technique and normative saturation values vary among the different manufactured monitors. This 
makes comparisons difficult and standardisation of monitoring protocols impossible. Furthermore, 
most monitors have a significant amount of overlap between normal and abnormal data. NIRS 
can be difficult to interpret when intracranial pathology, such as haematomas and cerebral 
oedema, are present.(7) Nonheme chromophores, such as melanin and bilirubin, as well as signal 
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contamination from extracranial tissue can also confound saturation measurements.  Finally, the 
relative ratio of venous and arterial blood within the intracranial compartment is dynamic. (7) 
 
At present, the literature does not support a role for NIRS technology within the neurocritical care 
unit. (1) Considering the important role of oxygen metabolism after acute brain injury as well as 
the potential benefits of minimally invasive continuous monitoring, applications for NIRS within 
the ICU will likely continue to be sought.(7) 
 
Measuring Cerebral Blood Flow 

 
The accepted gold standard for CBF measurement has been stable Xenon-enhanced computed 
tomography (Xe-CT), which has been used for more than 20 years to quantitatively evaluate CBF 
in humans.(1, 11, 28) Based on similar principles, perfusion computed tomography (CTP) with 
iodinated contrast has increasingly replaced Xe-CT to yield quantitative information about CBF 
and cerebral blood volume (CBV). (1) Obvious drawbacks of both Xe-CT and CTP, as well as 
other neuroimaging techniques, are that they cannot be routinely performed at the bedside and 
only provide a time- and region-specific snapshot of CBF.(1, 11, 19, 25) Furthermore, transport 
of critically ill patients to the neuroimaging suites poses its own inherent risks.  
 
Although TCD ultrasonography can provide non-invasive, real-time data, only flow velocities in 
the major cerebral arteries can be measured; thus, tissue perfusion abnormalities at the 
microcirculatory level may be missed.(7) Other drawbacks include dependence on operator 
expertise and difficulty with probe fixation for continuous monitoring. For these reasons, the 
practicality of TCD monitoring of CBF remains limited. 
 
Laser Doppler flowmetry (LDF) utilises measurement principles similar to those of TCD while also 
permitting the assessment of microcirculatory changes. A 0.5 to 1 mm diameter fibreoptic laser 
probe placed on the cortical surface or in white matter emits and detects a monochromatic laser 
light reflected by moving red blood cells to derive flow velocity. (7) This provides continuous, 
qualitative estimates of regional CBF displayed in arbitrary perfusion units. Diagnostic and 
prognostic values have not been reported and instead LDF is best used as a trend monitor in 
individual patients.(7) 
 

Thermal diffusion flowmetry (TDF) is the only modality that provides continuous, quantitative brain 
tissue perfusion measurement. (7) A probe containing two thermistors is inserted into brain 
parenchyma and measures the tissue’s ability to dissipate heat. The dissipation of heat is 
proportional to blood flow in the tissue over approximately a 27mm3 region surrounding the probe 
tip.(1, 7) Superficial (cortical) rCBF values between 40 to 70 mL/100 g/min are normal and values 
less than 20 mL/100 g/min represent ischaemia while those greater than 70 mL/100 g/min 
represent hyperaemia. (1, 7) The TDF microprobe measures subcortical white matter perfusion, 
and a mean TDF value of 18 to 25 mL/100 g/min is considered normal.(7) 
 
TDF provides continuous, bedside CBF measurement and has been shown to be comparable to 
Xe-CT.(1) However, like all regional monitors, TDF may not accurately reflect global CBF or even 
local perfusion in areas with dissimilar vasoreactivity or baseline CBF. (7, 11, 28) The catheter is 
placed in areas at risk for hypoperfusion and can further help detect intracerebral vasospasm and 
assess cerebrovascular autoregulation. However, there are still concerns about the validity of 
using thermal diffusion flowmetry long-term, as monitor dysfunctions secondary to placement 
errors and missing data during recalibration occur.(7) 
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Putting it all together 
 
There are many different modalities available to monitor the brain with each offering its own set 
of advantages and limitations. Taken together, these monitors complement each other in 
providing a more complete picture of neurologic functioning. The aim of multimodal 
neuromonitoring is to integrate information from multiple modalities to formulate a patient-specific 
“injury profile” which will help optimise treatment. (1) With the advancement of technology and 
informatics, data collection no longer represents a problem. Currently, there is a commercially 
available system called the CNS monitor (Moberg Research) that integrates true multimodal 
neuromonitoring onto a single monitor.(1) This device combines continuous EEG monitoring and 
processing with the ability to display neuromonitoring data drawn from one or more of 30 other 
medical devices. Multimodal monitoring is thus now a reality used in advanced neurocritical care 
units throughout the world.  
 
The uptake and clinical impact of true multimodal neuromonitoring remains to be seen. Because 
of the number and complexity of monitored physiologic variables and the interplay between them, 
computational analysis and integration of data are essential for the presentation of user-friendly 
and clinically relevant information at the bedside. Simply providing a bewildering array of 
monitored parameters is unlikely to result in improved outcomes unless modern data analytic 
techniques (e.g., artificial intelligence) can integrate these parameters into an output that is user-
friendly and clinically meaningful to the human clinicians treating the patient.  
 
In the interim simple approaches that integrate a select number of simple, established monitoring 
tools are most likely to gain traction in the clinical setting. As an example, the simultaneous 
measurement of ICP and brain tissue pO2 is a logical and feasible approach aided by the 
availability of a single probe capable of monitoring both.(1) 
 
 

 
 
 
 
 
 
 
 
 

example of an integrated real-time neuromonitoring screen 

Figure 17: sourced from Miller’s Anaesthesia 9th: Showing real time relationship of 
patient’s physiological parameters. As ICP plateau waves occur, CPP drops below 
60mmHg and PbtO2 below 15 mmHg. Microdialysis data showed elevated LPR but 
consistent decreases in glucose occurred with each plateau wave. 
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CONCLUSION 
 
Beyond the specifics of the monitoring devices, it has become an aphorism that no monitor alone 
can change outcomes. A monitor is only as good as the treatment algorithm that it facilitates. 
Further advances in developing evidence-based treatment algorithms that utilise modern 
neuromonitoring to improve patient-centred outcomes are essential to improve outcomes in 
neurocritically ill patients. As technology advances and it becomes possible to monitor any 
parameter of our choosing it is of vital importance that we become discerning in our choices and 
utilise neuromonitors that can direct therapeutic interventions and improve patient outcomes.  
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