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Abstract: Background: During the last decade, with the development of on-line monitoring and waveform analysis, inte-

gration of brain signals has increasingly been used in patients with traumatic brain injury (TBI) to guide clinical manage-

ment and predict outcome.  

Objective: The goal of this review is to describe current methodology for brain signal integration in TBI patients focusing 

on ‘reactivity indices’.  

Methods: We reviewed selected techniques to monitor patients in the acute phase of TBI using the comparison and inte-

gration of different physiological signals. The autoregulation indices, Mx and Mxa were defined as the moving correla-

tion between cerebral blood flow velocities (CBFV) and cerebral perfusion pressure (CPP) or arterial blood pressure 

(ABP), respectively. The cerebrovascular pressure reactivity index PRx was defined as the moving correlation coefficient 

between ABP and intracranial pressure (ICP). The oxygen reactivity index, Orx, was defined as the moving correlation co-

efficient between brain tissue oxygenation and CPP. Finally, Tox was defined as the moving correlation coefficient be-

tween brain tissue oxygenation measured by Near Infrared Spectroscopy (NIRS) and ABP.  

Results: Both Mx > 0.3 and Mxa > 0.45 as well as an asymmetry of Mx between both hemispheres of the brain in the 

acute phase were associated with poor outcome. PRx may be used to determine the individual optimal CPP and is also a 

powerful and independent predictor of outcome. Orx showed conflicting results and more studies are need to determine its 

role in the acute setting of TBI. Studies concerning the role of NIRS in the acute phase of TBI are ongoing.  

Conclusion: Multimodal neuromonitoring (MNM) is useful in the neuroICU as it provides valuable insights into the 

pathophysiological mechanisms occurring in the acute phase of TBI. Furthermore, indices obtained with MNM have been 

shown to be strong predictors of outcome. Further studies combining current and emergent techniques such as NIRS em-

phasize on the ability for MNM to continuously evolve. 

Keywords: Traumatic brain injury, cerebral autoregulation, monitoring, intracranial pressure, cerebral blood flow, transcranial 
doppler, cerebral perfusion pressure. 

A. INTRODUCTION 

 With the development of dedicated neurocritical care, 
different strategies have emerged in the management of pa-
tients suffering from severe traumatic brain injury (TBI) [1]. 
Today, brain monitoring plays a key role in the management 
of these patients who benefit, as a standard of care, from 
continuous monitoring of intracranial pressure (ICP), arterial 
blood pressure (ABP) and heart rate. These parameters may 
be supplemented, depending on the patient status and 
equipment availability, with adjunctive monitoring modali-
ties including transcranial Doppler (TCD), brain tissue oxy-
genation (PbtO2), microdialysis, and perhaps near infrared 
spectroscopy (NIRS) [2,3]. 

 ICP monitoring in TBI patients is not a recent develop-
ment. The first reports of ICP monitoring were made in 1951  
 
 

*Address correspondence to this author at the Academic Neurosurgical 

Unit, Department of Clinical Neurosciences, Level 4, A Block, Adden-

brooke’s Hospital, Cambridge CB2 2QQ, UK; Tel: + 44 1223 331 763; Fax: 

+ 44 1223 216 326; E-mail: emmanuelcarrera@yahoo.com 

by Guillaume and Janny [4]. Since then, major advances 

have been made in the field of brain monitoring, especially 

during the last decade, with increasing performance in data 

recording, waveform analysis, and data storage. Computer-

assisted analysis of primary waveforms from clinical moni-

tors can describe subtle waveform properties including sim-

ple metrics such as mean, minimum or maximum values, and 

more complex analyses of waveform shape. With currently 

available software [5,6], such analyses may be performed at 

the bedside in real time at a single time point or continu-

ously. Describing relationships between diverse monitors in 

the neuro ICU has been particularly useful and has lead to 

the development of multiple indices, showing physiologic 

properties not apparent in the isolated monitors. Many of 

these metrics, including the indices of autoregulation dis-

cussed in this manuscript are associated with outcome fol-

lowing TBI. More importantly, they can be used at the bed-

side to guide clinical decision making. The study of these 

indices is at the basis of the concept of “multimodality moni-
toring” of brain function [2,3]. 
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 In this review, we will first discuss the current evidence 
related to multimodality monitoring, focusing on monitoring 
of ICP, cerebral blood flow velocity (CBFV) and ABP. In a 
second part, we will present the new developments and per-
spectives in the field of cerebral multimodality monitoring. 

B. TRANSCRANIAL DOPPLER AND CEREBRAL 
BLOOD FLOW VELOCTIES 

 Cerebral autoregulation acts as a protective mechanism to 
maintain cerebral blood flow (CBF) relatively stable despite 
fluctuations in cerebral perfusion pressure (CPP). Using 
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Fig. (1). Examples of monitoring of the autoregulation index Mx in a patient after TBI with a) good outcome – mean ICP was normal. Mx 

was on average negative (-0.2) with only a short elevation above 0.3 associated with unstable arterial blood pressure b) unfavorable outcome. 

ICP was elevated and showed a regular pattern of changes, although of small magnitude. Blood flow velocity was obviously correlated with 

increasing CPP. Mx was continuously positive, suggesting autoregulatory failure. 

ICP- intracranial pressure, ABP- arterial blood pressure, CPP- cerebral perfusion pressure, FV- blood flow velocity , Mx- autoregulation 

index. 
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Fig. (2). Example of improving autoregulation (decrease in Mx) during a decrease in ICP after a period of intracranial hypertension.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Example of a good association between changes in autoregulation indices calculated using CPP (Mx) and ABP (Mxa). In those 

cases, where changes in CPP are mainly caused by changes by blood pressure, the association between Mx and Mxa is good (usually R > 0.7, 

although Mxa is higher than Mx on average by 0.15). In cases where changes in CPP are mainly provoked by strong dynamics in ICP, Mxa 

and Mx may dramatically differ from each other.  

transcranial Doppler (TCD), CBF may be approximated by 
cerebral blood flow velocity (CBFV) which is measured 
non-invasively at the bedside. Using TCD, different methods 
have been developed to monitor the cerebral autoregulation 
and critical closing pressure (CCP) by analyzing interactions 
between CBFV and CPP and between CBFV and ABP. 

a. Cerebral Autoregulation and Critical Closing Pres-
sure: Definitions and Validation 

 Different methods have been defined to measure cerebral 
autoregulation using changes in CBFV, in response to (spon-
taneous) changes in CPP and ABP. The index Mx is calcu-
lated in the time domain from the moving correlation 
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Fig. (4). Examples of monitoring of the cerebrovascular pressure reactivity index PRx in a patient after TBI. An obvious difference to the 

monitoring of Mx index is the period of monitoring:- PRx may be assessed continuously over the whole period of ICP/ABP monitoring (days 

or even weeks), while Mx, can only be monitored during the period of TCD monitoring. 

a) Good outcome- despite a mean ICP of 20 mm Hg and plateau waves reaching 60 mm Hg. Baseline PRx was negative (overall mean value 

around -0.2) with some elevations, e.g. 10/12 around 12:00 after a long plateau wave of ICP, lasting 30 minutes. 

b) Patient with an unfavorable outcome, mean ICP was around 23 mm Hg. CPP was decreasing from 85 down to 60 mm Hg and PRx- wors-

ening from negative to positive values over 5 days of monitoring. 
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between CBFV and CPP [7], whereas the index Mxa is de-
fined as the moving correlation between CBFV and ABP [8]. 
Another method to measure dynamic autoregulation is the 
calculation of the autoregulation index (ARI), which is cal-
culated by transfer function analysis to quantify the dynamic 
relationship between mean ABP and mean CBFV [9,10]. 
Phase shift between ABP and CBFV, and gain of the ABP-
CBFV transfer function have been also used [11].  

 The accuracy of Mx to measure cerebral autoregulation 
has been assessed by comparison with previously validated 
measures of static and dynamic autoregulation. In a study 
including 17 TBI patients, Mx was significantly correlated 
with the static rate of autoregulation (sROR), using increases 
in ABP induced by a norepinephrine infusion [12]. Addi-
tionally, Mx has been validated by comparison with other 
measures of dynamic cerebral autoregulation including the 
autoregulation index (ARI) [9], the leg-cuff test, and the 
transient hyperemic response [13]. 

 Mxa is calculated as the moving correlation coefficient 
between CBFV and ABP instead of CPP, as used in the cal-
culation of Mx. The ABP waveform may be measured di-
rectly from the radial or brachial artery or non-invasively 
using piezoelectric devices on radial or digital arteries [14]. 
Therefore, and on the contrary to Mx, Mxa may be calcu-
lated in a non-invasive way since it eliminates the need for 
invasive ICP measurements. Previous studies suggest that 
Mxa and Mx may be equivalent in assessing cerebral 
autoregulation. In a study including 37 TBI patients, a sig-
nificant positive correlation between CPP and CBFV (Mx > 
0.3) was correlated with poor outcome. Similarly, in the 
same group of patients, a significant positive correlation be-
tween ABP and CBFV (Mxa > 0.45) was similarly a predic-
tor of poor outcome, defined using the Glasgow Outcome 
Scale at discharge [8]. However, the measure of Mx seems 

more robust than the measure of Mxa, mainly due to the dif-
ficulties to measure ABP in a reliable manner due to frequent 
artifacts especially when ABP is recorded non-invasively. 
Therefore, although relatively similar in all patients, the dif-
ferences between Mx and Mxa may be considerable in indi-
vidual cases. Therefore, we would suggest that, when ICP is 
monitored, CPP rather than ABP should be used for the as-
sessment of cerebral autoregulation (Figs. 1-3) [15].  

 Critical Closing Pressure (CCP) refers to the pressure at 
which cerebral vessels would collapse [16]. To estimate 
CCP, different mathematical models have been described. In 
TBI patients, CCP has been used to detect moderate intrac-
ranial hypertension [17,18]. Additionally, based on a series 
of 119 patients [19], CCP was lower on the side of the con-
tusion.  

 CBFV measured using TCD hase also been used to non-
invasively estimate the ICP and CPP [20]. Newer algorithms 
to estimate ICP use the mean CBFV, the pulsatility index 
[21] or the combination of CBFV and ABP [20]. Different 
studies are currently being performed to determine the best 
algorithm to assess ICP optimize non-invasive ICP estima-
tion using CBFV and ABP waveforms. 

b. Clinical Management and Prognostic Significance of 
Cerebral Autoregulation 

 In clinical practice, Mx has demonstrated usefulness to 
monitor, grade, and reliably assess cerebral autoregulation 
without external stimulus, i.e. based on spontaneous fluctua-
tions of CPP or ABP. Because Mx is a continuous index, a 
threshold separating normal and pathological values, if it 
exist, is probably individual and time-dependent. Neverthe-
less, using the average and daily value of day by day of Mx, 
a cutoff of Mx > 0.3 seems to be adequate to determine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Example of PRx increasing to +1 s in a patient who developed refractory intracranial hypertension. Compare to Fig. (2)- both indi-

ces PRx and Mx react to intracranial hypertension, although they cannot be treated as a straightforward function of mean ICP. 
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greater probability of achieving unfavorable outcome after 
TBI [7,12]. In a study of 187 patients, Mx was impaired not 
only when associated with a high ICP or low ABP, but also 
when CPP was abnormally elevated suggesting that Mx can 
be used to guide intensive care therapy when CPP-oriented 
protocols are used [22]. In ventilated patients, hyperventila-
tion has shown to significantly impair cerebral autoregula-
tion when measured using the auroregulation index (ARI) 
based on continuous measurement of ABP and CBFV wave-
forms [23]. In a prospective study of 122 patients suffering 
from severe TBI, the course of cerebral autoregulation has 
been studied during the first days after trauma. A progressive 
deterioration in the ARI was observed during the first 36 to 
48 hours post injury, occurring despite an increase in CBFV. 
This evolution was not explained by changes in CPP or end-
tidal CO2. These results suggest that monitoring of cerebral 
autoregulation may be of value at least during the first week 
after TBI, and longer if the clinical condition requires it [24].  

 Several studies have demonstrated the prognostic role of 
Mx and Mxa after severe TBI. In a study including 82 pa-
tients, Mx above the threshold of 0.3 was predictive of poor 
outcome assed using the Glasgow outcome scale [7]. These 
results were confirmed in another study in which Mx above 
0.3 was associated with poor outcome [12]. In another study 
based on 37 patients, in whom both Mxa and Mx were stud-
ied, both indices were correlated with poor outcome defined 
using the Glasgow outcome scale [8]. Because CBFV may 
be measured on the right and the left sides, an interhemi-
spherical asymmetry in Mx has shown to be correlated with 
the side of contusion or brain expansion is some [25] but not 
all studies [26]. The side-to-side difference in Mx was a pre-
dictor of fatal outcome following TBI in one study [25]. Mx 

and Mxa are not the only indices assessing cerebral 
autoregulation associated with outcome. Impaired autoregu-
lation measured by an abnormal ARI was strongly associated 
with bad outcome in TBI patients independent of the clinical 
pattern [27].  

C. INTRACRANIAL PRESSURE AND PRESSURE 
REACTIVITY 

 In patients with severe TBI, evaluation of intracranial 
pressure (ICP) is recognized as a standard monitor the status 
of the cerebral pressure-volume regulation. This is particu-
larly true when the patient is sedated limiting the possibili-
ties of a complete clinical evaluation of neurological func-
tion. Active reduction of mean ICP is recommended when it 
exceeds a threshold of 20-25 mmHg [28]. However, recent 
studies have shown limited impact on outcome from treat-
ment based on reduction of mICP only [29-31]. The devel-
opment of software capable of real-time waveform analysis 
has generated various indices describing characteristics of 
the ICP waveform. Foremost among these indices is the 
pressure reactivity index (PRx). 

a. Cerebrovascular Pressure Reactivity: Definition and 
Validation 

 The pressure reactivity index (PRx) (hereafter pressure 
reactivity) is calculated as the moving correlation coefficient 
between slow waves in ABP and ICP [32]. In the case of the 
PRx, ICP is used as surrogate measure of cerebral blood vol-
ume, measuring the ability of resistance arterioles to con-
strict and dilate in opposition to slow changes in ABP. In this 
respect, the PRx measures vascular reactivity, which is dis-
tinct from metrics of autoregulation. By contrast, the Mx 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Calculation of optimal CPP using the PRx index. Mean PRx is plotted against CPP over the period of the past few hours. In most of 

cases, this plot shows a U-shaped relationship. CPP associated with minimal and negative PRx is termed ‘optimal CPP’- i.e. the individual 

level of CPP which is able to maintain the best achievable cerebrovascular pressure-reactivity. 
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uses CBFV as a surrogate of cerebral blood flow to measure 
the ability of the cerebral vasculature to constrain flow. 
Thus, the Mx is a measure of pressure autoregulation, and 
the PRx is a measure of vascular reactivity, which is the 
mechanism of pressure autoregulation. The accuracy of PRx 
to reliably assess pressure reactivity with several validation 
techniques. In a study including 40 TBI patients, the rela-
tionship between PRx and CBF has been studied [33]. No 
significant correlation between ABP or CPP and CBFV (i.e. 
intact autoregulation) was reported in 19 patients with nor-
mal PRx but correlation between these variables was signifi-
cant in 21 patients with impaired PRx. Additionally, PRx has 
been validated using PET scans. In a study including 22 pa-
tients, a low cerebral metabolic rate of oxygen (CMRO2) was 
associated with a disturbed PRx and there was a significant 
correlation between impaired PRx and oxygen extraction 
fraction [34]. In another study, there was a significant corre-
lation between PRx and the static rate of autoregulation 
measured with PET [35]. The PRx was also tested in a piglet 
model of hypotension and elevated ICP in which the lower 
limit of autoregulation was intentionally crossed and identi-
fied. Values of PRx became consistently elevated when the 
perfusion pressure was below this threshold. Further, the 
accuracy of the PRx was not affected by changes in intracra-
nial compliance (Figs. 4, 5) [36].  

b. Cerebrovascular Pressure Reactivity: Clinical Appli-
cations 

 The role of PRx in the management of TBI patients and 
as a predictor of outcome has been scrutinized in different 
studies. In the clinical setting, recent guidelines recommend 
not allowing a CPP below 60 mmHg [37]. Because this 
threshold may vary depending on the condition and treat-
ment of the patient, the concept of “optimal cerebral perfu-
sion pressure (CPPOPT)” was introduced using the PRx index. 

In a retrospective study of 114 TBI patients, the CPPOPT was 
defined as the CPP range associated with a minimal PRx 
value (indicating the most robust state of pressure reactivity). 
Patients who were managed with an average CPP close to 
the CPPOPT were more likely to have a favorable outcome 
than those whose mean CPP was further away from the 
CPPOPT [38]. This suggests that PRx may be useful to deter-
mine, on an individual basis, the CPP range associated with 
the best outcome in TBI patients. ‘Optimization‘ of CPP can 
be also understood as a searching for individual consensus 
between the ‘Lund concept’ which uees intentionally low 
CPP targets to minimize oedema formation, and classical 
“CPP –oriented therapy” [39], which sets higher CPP targets 
mitigate ischemic injury (Fig. 6) [40]. 

 One of the major neurological complications requiring 
intensive treatment is raised ICP. Various strategies to re-
duce ICP are used in the clinical setting but their efficacy is 
still debated. Therefore, the response of PRx to different 
therapeutic strategies has been studied to determine the ef-
fect of treatment not only on ICP but also on pressure reac-
tivity. Moderate hyperventilation was used historically to 
decrease ICP. When studies of intentional hypocapnea dem-
onstrated a negative impact on outcome, the Brain Trauma 
Foundation recommended against the routine use of this 
practice which was subsequently abandoned by most centers 
[41-43]. In a study of 30 severe TBI patients, PRx was found 
to worsen with hyperventilation, although a large heteroge-
neity in the response to hypocapnia was found [44]. 
Hypothermia is increasingly used in the acute period of TBI 
to decrease ICP but its hemodynamic effects are largely un-
known. A recent study, based on 24 patients with severe 
TBI, indicated that reactivity is not modified during hypo-
thermia but did worsen during excessive rewarming indicat-
ing a significant derangement in cerebrovascular reactivity at 
this stage [45]. The effect of medications on PRx has been 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Example of a poor correlation between changes in ORx and PRx. 
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tested in various studies. Propofol is often used to sedate 
adult TBI patient. However, a study based on 10 patients 
showed a deterioration of pressure reactivity with rapid pro-
pofol infusion suggesting that large propofol doses may in-
crease the injured brain's vulnerability to secondary insults 
[46]. On the contrary, barbiturate therapy for refractory in-
tracranial hypertension after TBI improved PRx in a pro-
spective observational study of 12 patients [47]. Another 
strategy to decrease refractory ICP is craniectomy, which is 
used in the most severe cases of refractory intracranial hy-
pertension. Following decompressive craniectomy, pressure 
reactivity initially worsens, but improves in the later postop-
erative course [48], suggesting that craniectomy may con-
tribute to the restoration of disturbed pressure-reactivity [49].  

c. Pressure Cerebrovascular Reactivity: Outcome 

 The prognostic significance of PRx has been demon-
strated in several studies. In one study of 98 TBI patients, a 
positive PRx correlated with high ICP, low admission GCS, 
and poor outcome at 6 months after injury [50]. Similarly, 
fatal outcome was associated with worse PRx, but also 
higher ICP and lower CPP in a more recent study [51]. A 
threshold PRx value of 0.3 has been proposed as value above 
0.3 are associated with poor outcome. In a study of 193 pa-
tients, the mortality rose from 20% to 70% when the aver-
aged PRx increased to above 0.3 [52]. More recently, based 
on a pooled dataset [53], a PRx above the threshold of 0.35 
was associated with a high mortality (> 50%). In a subset of 
patients with refractory intracranial hypertension, deteriora-
tion of the PRx was correlated with outcome, and was able to 
differentiate patients with good outcome, moderate disabil-
ity, severe disability, and death. When multiple measured 

values of the PRx are plotted as a functionof CPP, a U-
shaped curve often results, suggesting that too low and too 
high CPP was associated with a disturbance in pressure reac-
tivity. The prognostic role of PRx has been further defined in 
a prospective study of 126 subjects with severe TBI using 
the Glasgow Outcome scale. This study showed that both 
mean ICP and PRx predict outcome when considered over 
the whole monitoring period. However, when looking at the 
first 24 hours, only PRx but not mean ICP was associated 
with outcome. The patients with disturbed pressure reactivity 
in the first 24 hours after injury had a significantly higher 
mortality rate than patients with intact pressure reactivity 
(29% vs. 10%). These results suggest that the PRx may be an 
earlier predictor of outcome and therefore more useful in the 
“ultra-early” phase of TBI [54].  

D. BRAIN TISSUE OXYGENATION AND (PBTO2) 
AND OXYGEN REACTIVITY  

 In TBI patients, brain tissue oxygenation (PbtO2) is used 
as a predictive factor to detect brain ischemia and poor out-
come. Different thresholds of ischemia have been evaluated 
and current recommendations suggest that the brain tissue 
with a PbtO2 value below 15 mmHg may be considered high 
risk and values below 10 mmHg are associated with irre-
versibly ischemia [55]. However, because PbtO2 depends on 
multiple variables including CBF, PaCO2, PaO2 or CPP, a 
treatment based on PbtO2 only has not been recommended. 
Using the same correlation method derived to calculate PRx, 
a new coefficient called the oxygen reactivity index (ORx) 
has been proposed. The Orx is the moving correlation be-
tween PbtO2 and CPP (Fig. 7) [56]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). Example of a good association between changes Tox and Mx index (R>0.8). This possiblysuggests that NIRS may be a good clini-

cal tool for continuous monitoring of autoregulation of CBF. Application of NIRS is much easier than TCD probes (which should be con-

tinuously focused on MCA).  
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 The ORx has been validated by comparison with the 
static rate of regulation determined after pharmacologic 
blood pressure manipulations [57]. Limited studies have ex-
amined the ability of of PbtO2 and ORx to predict outcome. 
In a study of 40 subjects with TBI, the relationship between 
low PbtO2 and impaired PRx was significant in non-
survivors but not in survivors [58]. A similar result was 
found in another study based on 27 patients suffering from 
severe TBI in which ORx and, to a lesser extent, PbtO2 cor-
related with PRx suggesting that that Orx and PbtO2 provide 
additional information about the status of cerebrovascular 
autoregulation after TBI. Furthermore, these data suggest 
that patients with impaired autoregulation are at increased 
risk for secondary cerebral hypoxia [59]. However, these 
promising results need yet to be confirmed as a recent retro-
spective study based on 32 patients did not show any correla-
tion between Orx and PRx, limiting the role of ORx in the 
clinical practice pending further confirmation [60].  

E. OTHER MONITORING AND PERSPECTIVES  

 In addition to ABP, CBFV, and ICP, different invasive 
and non-invasive tools to monitor patients with TBI are 
available or in developpement.  

a. Non-Invasive Techniques 

 Near infrared spectroscopy (NIRS) is used to non-
invasively measure oxy- and deoxy-hemoglobin. Many 
commercial NIRS-based monitors of the brain report oxy-
hemoglobin as a percentage of total hemoglobin measured in 
the reflected path of infrared light applied to the forehead. 
This measurement of whole-tissue oxyhemoglobin saturation 
is thought to represent the relative supply and uptake of oxy-
gen from the blood. When hematocrit, arterial oxygen satura-
tion, and cerebral metabolism are constant, as is the case for 
the periods used in time-domian autoregulation indices, this 
percent saturation is a function of cerebral blood flow. Re-
cently, tissue oxyhemoglobin saturation obtained from NIRS 
monitors was compared to ABP to quantify cerebrovascular 
autoregulation [61,62]. Similar to previous indices, an index 
(Tox) was defined as the correlation coefficient between the 
tissue oxyhemoglobin saturation measured with NIRS and 
ABP. In a series of sepsis patients, this index Tox was highly 
correlated with Mxa, determined using CBFV and ABP. If 
confirmed in TBI patients, Tox may be a promising way to 
determine cerebral autoregulation non invasively without the 
inconvenient of transcranial Doppler [63]. This method was 
also shown to accurately detect the lower limit of autoregula-
tion using a piglet model of hypotension [61]. Fig. (8) among 
other non-invasive techniques, different methods have fo-
cused on the cardiocirculatory system. This included moni-
toring of heart rate variability and cardiac output. In a recent 
study of TBI patients, low variability, and low baroreflex 
sensitivity, were linked to a higher mortality rate [64]. 

b. Invasive Techniques 

 With the use of intraparenchymatous probes, different 
variables may be recorded including brain metabolism using 
microdialysis, brain temperature and CBF using microprobes 
and thermodilution. However, because the information pro-
vided is not continuous, comparisons between these different 
techniques are difficult. Further development may help to 
provide a link between cerebral autoregulation and brain 

metabolism. Development of research in the domain of im-
aging may also help in this perspective. Only very few stud-
ies have investigated this relationship [65]. 

CONCLUSION 

 In the last two decades, multimodality monitoring has 
shown an impressive development. This development arises 
with the collaboration between researchers in the field of 
data processing and signal analysis and physicians treating 
TBI patients. Future collaborations have to be developed to 
share both knowledge and data. Today, it is not only moni-
toring which must be multimodal but also collaboration 
among researchers and clinicians from various institutions. 
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ABBREVIATIONS 

ABP = Arterial Blood Pressure 

CBF = Cerebral Blood Flow 

CBFV = Cerebral Blood Flow Velocity 

CCP = Critical Closing Pressure 

CPP = Cerebral Perfusion Pressure 

ICP = Intracranial Pressure 

Mx = Mean flow velocity reactivity in response to a 
change in CPP 

Mxa = Mean Flow velocity reactivity in response to a 
change in ABP 

Orx = PbtO2 reactivity in response to a change in CPP  

PbtO2 = Brain tissue Oxygenation 

PRx = Cerebrovascular Pressure reactivity index 

TBI = Traumatic Brain Injury 

TCD = Transcranial Doppler 

TOI = Tissue Oxygenation Index measured by NIRS 
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Tox = Tissue oxygenation index reactivity in response to 
a change in ABP 
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