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Abstract 

The aim of this study was to investigate the dynamic interrelationship between brain tissue oxygenation (PbtO2), intracranial 

pressure (ICP), mean arterial blood pressure (MABP), and cerebral perfusion pressure (CPP) in an acute sheep model of 

traumatic brain injury (TBI). PbtO2, ICP, MABP, and CPP were monitored after TBI. Gaussian Processes for machine 

learning has been used to do simultaneous 3D analysis of the dynamic interrelationship between these parameters. Two 

critical thresholds for ICP after TBI were identified during our experiments that correlated to human data and may correlate 

to different intravascular hydrostatic pressures in two different sections of cerebral vasculature. Simultaneous 3D analysis of 

the dynamic interrelationship between PbtO2 vs. ICP and MABP or CPP could be a better method as opposed to 2-parameter 

(PbtO2 vs. ICP or CPP) analysis. Current CPP formula may not always reflect the actual cerebral perfusion, therefore we 

propose the formula as: CPP = PAP - ICP, where PAP is the post arteriolar pressure. 

 

Rezumat 

Investigarea relației dinamice între oxigenarea tisularǎ cerebralǎ (PbtO2), presiunea intracranialǎ (ICP), tensiunea arterialǎ 

medie (MABP), și presiunea de perfuzie cerebralǎ (CPP) ȋntr-un model experimental ovin de traumatism cerebral acut (TBI). 

PbtO2, ICP, MABP și CPP au fost monitorizate timp de 4 ore după producerea TBI. Procesul gaussian de ȋnvațare automatǎ a 

fost utilizat pentru analiza simultanǎ 3D a interrelației dinamice între PbtO2, ICP și MABP. S-au identificat douǎ valori prag 

pentru ICP care au corespuns cu datele clinice și care se pot corela cu presiuni hidrostatice intravasculare distincte ȋn douǎ 

sectoare vasculare cerebrale diferite. Analiza simultanǎ 3D a interrelației dinamice între PbtO2 vs. ICP și MABP ori CPP 

poate reprezenta o metodǎ superioarǎ comparativ cu analiza bazatǎ pe 2 parametri (PbtO2 vs. ICP ori CPP). Formula curentǎ 

privind CPP nu reflectǎ ȋntotdeauna perfuzia cerebralǎ realǎ și de aceea propunem formula CPP = PAP - ICP, unde PAP este 

presiunea post arteriolarǎ. 
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Introduction 

Traumatic brain injury (TBI) causes more death and 

disability than any other disease in population up to 

45 years of age in Western industrialized countries [3, 

13, 14, 18] with the main causes being motor vehicle 

accidents and falls, and in some countries also assaults 

and some sport activities [23]. It is estimated, that 

globally, by the year 2020, severe TBI will be the third 

most common cause of death and disability [30, 54]. 

Brain damage caused by the acute primary injury 

evolves with time as secondary injury producing 

complex structural and pathophysiological changes 

including cerebral hypoxia, ionic and acid-base 

disturbances, cerebral oedema, intracranial hypertension 

and hypotension [5, 20, 56, 61]. 

Clinical and experimental studies have shown that 

cerebral hypoxia is associated with a poor outcome 

after moderate to severe TBI, thus making possible 

optimal brain tissue oxygenation crucial for the 

outcome of patients with TBI [1, 31]. Post TBI brain 

oedema plays a vital role in the development of cerebral 

hypoxia, since it increases ICP and thus decreases 

cerebral perfusion and oxygenation by expanding brain 

tissue volume according to the Monro-Kellie doctrine. 

Therefore the front line approach to maintaining 

adequate cerebral oxygenation in neuro-critical care 

is to maintain adequate cerebral perfusion pressure 

(CPP), usually achieved by controlling increased 

ICP and MABP [1, 12]. However it is still not fully 

understood how ICP, MABP, CPP, and PbtO2 are 

interrelated, and elucidating the dynamic interrelationship 

between these parameters after TBI may provide new 

strategies to improving outcome after TBI. Therefore, 

to study the dynamics between PbtO2, ICP, MABP, 

and CPP at different injury severities, we have chosen 

to analyse the correlation between PbtO2, ICP, and 

MABP or CPP simultaneously. To do so in the present 

study we have used Gaussian Processes (GPs) for 
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machine learning, which calculates an interconnected 

3-D analysis of the parameters influencing PbtO2. 

Conversely it is well known that increased ICP by 

itself (and not CPP) is an independent predictor of 

outcome in patients with severe TBI and uncontrolled-

elevated ICP is considered to be the primary cause 

of death in more than a half of all patients with TBI 

[26, 27, 40, 55]. Moreover, clinical and experimental 

studies have shown that ICP has two distinctive 

thresholds, that is 20 - 25 mmHg [17, 24, 27, 39, 48] 

and 35 - 40 mmHg [24, 37, 45, 46, 55] being considered 

critical for patient’s good or poor outcome and life 

threatening respectively. These findings are not fully 

understood so far [9, 19, 42, 52]. Furthermore ICP 

measurement is important because it allows both an 

early detection of evolving mass lesions and for the 

calculation of CPP. 

CPP is calculated as the difference between MABP 

and ICP; CPP = MABP - ICP. Although, maintaining 

adequate CPP is important to ensure sufficient PbtO2, 

it does not reflect the actual values of ICP and MABP, 

which partially explains how patients with TBI can 

have profoundly different outcomes with the same 

CPP [8, 22, 52]. Specifically, equivalent changes in 

ICP and MABP, either in a positive or negative 

direction, will not be reflected in CPP values, and 

hence a focus on CPP may overlook critical changes 

in ICP and MABP. It is therefore not surprising that the 

optimal CPP after TBI accordingly remains unknown 

[22, 41]. In contrast, PbtO2 based therapy has been 

associated with more favourable outcomes and, so 

far, clinical studies suggest that combined ICP/CPP 

and PbtO2 based therapy is associated with better 

outcomes after TBI than ICP/CPP based therapy alone 

[49-51]. In terms of what the PbtO2 values represent, 

values between 20 - 50 mmHg are regarded as 

normal; PbtO2 values below 20 but above 15 mm 

Hg are considered moderately hypoxic, PbtO2 below 

10 - 15 mmHg is considered severely hypoxic and 

associated with the worse outcome, while PbtO2 ≤ 6 

mmHg is critical and life threatening [32, 43, 49, 57, 

59]. Unfortunately, the nature and effectiveness of most 

commonly used interventions to correct compromised 

PbtO2 after TBI still remains unclear [35]. 

Autoregulation is an important neuroprotective 

mechanism that varies arteriolar calibre with changes 

in MABP to maintain a relatively constant cerebral 

blood flow (CBF). Normally, autoregulation is active 

within a MABP range of 50 - 150 mmHg [32] and 

responds within seconds of the blood pressure changing 

[34]. When the CPP formula was initially proposed, 

it was based on the assumption that autoregulation had 

essentially failed after TBI, and that cerebral blood flow 

(CBF) was accordingly linearly related to MABP [9]. 

However, later studies have shown that pressure auto-

regulation is maintained in the majority of patients with 

severe TBI, and even more in patients with moderate 

TBI [9, 36]. When autoregulation is intact, increases 

in CPP lead to compensatory vasoconstriction to 

maintain a stable CBF and so decrease the cerebral 

blood volume and therefore lower the ICP [41]. 

However, outside of the limits of pressure autoregulation, 

increases in CPP lead to vasodilatation, an increased 

blood volume and so it raises the ICP. Lowering CPP 

under conditions of failed autoregulation may increase 

the secondary cerebral hypoxia within a range of 

MABP that normally would have been regarded as 

acceptable [12]. Therefore, depending on whether 

cerebral autoregulation is preserved or not, an increase 

in CPP may result in either lowered or raised ICP. It 

follows that the status of autoregulation will influence 

the choice of whether CPP or ICP directed management 

should be pursued [11, 21]. 

In order to improve patient outcome, it is therefore 

critical to understand the interrelationships between 

MABP, ICP, CPP, and PbtO2 under varying conditions 

following moderate to severe TBI. The aim of this 

study is to investigate the dynamics of these inter-

relationships using machine learning 3-D analysis 

by a Gaussian process, so as to investigate the two 

critical thresholds of ICP observed clinically and to 

critically assess the formula for CPP. 

 

Materials and Methods 

Animals 

All experimental protocols were conducted according 

to the guidelines established by the Australian National 

Health and Medical Research Council for the use of 

animals in experimental research and were approved 

by the Animal Ethics Committee of the Institute of 

Medical and Veterinary Science and the University 

of Adelaide, Australia. 

Two-year-old, sterilized male Merino sheep (n = 57; 

52 ± 5 kg) were injured using the humane stunner 

as described in detail elsewhere [25]. Briefly, animals 

were anesthetized by an intravenous injection of 

thiopentone before intubation and ventilation (4 L/ 

min) with oxygen enriched (30 - 35%) air containing 

2.5% isoflurane. A femoral arterial catheter was then 

implanted to continuously monitor the mean arterial 

blood pressure (MABP) using a MacLab data acquisition 

system (MacLab 2e). After the placement of the 

catheter, isoflurane was lowered to 1.0 - 1.5% and 

an intravenous infusion of Ketamine (4 mg/kg bw/h) 

was initiated, thus providing an adequate level of 

anaesthesia for surgery with intact cardiovascular reflexes. 

Temperature was maintained using a thermostatically 

controlled heating pad while ventilation parameters 

were adjusted as necessary on the basis of arterial 

blood sampled at regular intervals for gas analysis. 

To induce TBI, sheep were placed into a prone sphinx 

position, with the torso restrained to the surgical 

table leaving the neck and head mobile relative to 

the body. Impact acceleration injury was induced at 

the midpoint between the left supraorbital process 
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and the left external auditory meatus using a captive 

humane bolt stunner armed with a number 17 red, dry, 

charge (model KML, Karl Schermer & Co., Germany). 

This impact causes a characteristic diffuse axonal injury 

[25, 58]. After TBI and insertion of probes each 

animal was monitored for 4 hours. 

Intracranial pressure monitoring 

Following the exposure of the skull, a 2.5 mm burr 

hole was performed at a point 15 mm lateral to the 

sagittal midline on the ipsilateral side just in front 

of the coronal suture. A 1.73 mm diameter catheter 

was fixed into the burr hole, the dura matter opened 

and a calibrated Codman Microsensor ICP transducer 

inserted such that the tip of the sensor was 1.5 cm into 

the parenchyma of the left parietal lobe. The probe 

was attached to a Codman ICP Express monitoring 

system (Codman and Shurtleff Inc., USA) which was 

linked to an ADInstruments PowerLab® system where 

the data was digitally recorded. 

Cerebral tissue oxygenation monitoring 

A second burr hole 1.5 cm lateral to the sagittal midline 

and over the left fronto-parietal suture allowed insertion 

of a LICOX® PbtO2 probe to a depth of 3.5 cm. 

The LICOX® probe, which contained an integrated 

brain temperature sensor, was attached to a LICOX® 

brain tissue oxygen monitoring system (Integra, USA) 

for digital recording. After insertion of the probes, 

both burr holes were sealed using bone wax. 

Mean arterial blood pressure monitoring 

Mean arterial blood pressure was monitored with a 

MacLab data acquisition system (MacLab 2e).  The 

animal femoral artery catheter was connected to a 

Statham-type pressure transducer and the arterial blood 

pressure was continuously recorded via a MacLab 

data acquisition unit connected to a laptop computer 

running LabChart. The pressure data was relayed from 

the transducer to the MacLab via a bridge amp. In 

addition data was collected manually every 15 min. 

Arterial blood gas analysis 

The Osmotech OPTI blood gas analyser (CCA, Helena 

Laboratories, Australia Pty Ltd) was used for arterial 

blood gas analysis. Arterial blood samples (0.6 - 0.7 

mL) were obtained via the femoral arterial cannula 

using 3-way tap connecting the cannula with the 

transducer. Arterial blood gas analysis was conducted 

5 times during each experiment. The first analysis 

was performed 10 min before the injury, and other 

four analysis were performed every hour after the 

injury. 

Cerebral perfusion pressure monitoring 

Cerebral perfusion pressure (CPP) was calculated by 

the equation: CPP = MABP - ICP. CPP was monitored 

and recorded using the same MacLab data acquisition 

system, used for ICP and MABP data recording. 

Statistical analysis via Gaussian Processes 

The data was analysed using Gaussian processes for 

machine learning. The values of PbtO2 are represented 

as Gaussian predictive distributions with mean and 

standard deviation automatically identified from the 

experimental data. Log marginal likelihood is used to 

determine the hyper-parameters of the Gaussian process. 

The mean prediction represents the general trend of 

PbtO2 while the uncertainty of the prediction is expressed 

by the standard deviation. An error histogram is 

calculated to evaluate the qualities of the predictive 

model. 

Machine Learning via Gaussian Processes 

Gaussian Processes (GPs) is a statistical machine learning 

tool which provides means for building automated 

systems that can accumulate and fuse information from 

different sources, build concise model of the under-

lying hidden properties of the data and provide 

estimation with corresponding uncertainties for new 

situations [38]. GPs represents a non-parametric statistical 

kernel machine method and uses a covariance function 

for non-linear data modelling. 

GPs are non-parametric models where a Gaussian 

process prior over function values is directly applied. 

In a more formal way, in a Gaussian process the 

function outputs ƒ(xi) are a collection of random 

variables indexed by the inputs xi. Any finite subset of 

outputs has a joint multivariate Gaussian distribution. 

Given a set of training inputs {xi}, {yi}, the joint prior 

distribution of the corresponding function outputs 

{ƒi} is Gaussian with zero mean and covariance 

matrix K. The GPs is entirely determined by the 

covariance function K(x,x’) and its hyper-parameters 

θ.  

A popular choice for the covariance function K(x,x’) 

is the squared exponential covariance function defined 

as: 
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where Ʃ and σ0 are the hyper-parameters of the 

covariance function. Here Ʃ is a D x D matrix and σ0 
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In the case of Eq. (2) the hyper-parameters I1, I2, 

…, ID are the depict length-scales of the covariance 

function. In the expression (1) the hyper-parameter 

σ0 characterizes the amplitude and I1, I2, …, ID  

characterize the characteristic lengths of correlation 

of the functions generated by the GPs. 

The choice of the hyper-parameters θ requires a non-

linear optimization step. The optimization is conducted 

by maximizing the log of the marginal likelihood of 

the data: 
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Where Ky = K(X, X) + σ2I is the covariance matrix 

for the targets y. The log of the marginal likelihood 

has three terms: data fit; complexity penalty (based 

on the Occam’s Razor principle) and normalization 

constant. 

Once the optimal values for all the hyper-

parameters θ are determined, the GPs model allows 

predicting the values of the function ƒ(x) at new 

locations {x*i}. This is done by conditioning the 

joint Gaussian distribution for the observed points 

{xi} on the data {yi} available in the given dataset. The 

result is a new Gaussian multivariate distribution 

N(m, S) with mean m and variance S where:  
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GPs can be used for both regression and classification 

tasks and can successfully model datasets of different 

complex systems [2, 16, 53]. In the case of regression, 

the Gaussian process is provided with a set of input-

output pairs (the training dataset) which is used to 

learn the hyper-parameters of the covariance function. 

In the case of classification, an input pattern is being 

assigned to one of multiple classes. Contrary to other 

methods which provide only a guess at the class label, 

GPs make predictions for classes and also provide 

corresponding probabilities (and therefore confidence 

levels) for this guess. In a practical application one 

may well seek a class guess, which can be obtained 

as the solution to a decision problem, involving the 

predictive probabilities as well as a specification of 

the consequences of making specific predictions (the 

loss function). 

A GPs is also a best unbiased linear estimator. For more 

information on Gaussian processes and covariance 

function see Rasmussen and Williams [38] and Seeger 

[44]. 

 

Results and Discussion 

Dynamic correlation between PbtO2, ICP and MABP 

The simultaneous 3-D analysis of the dynamic 

correlation between the values of PbtO2, ICP and 

MABP (Figure 1) demonstrated several features. PbtO2 

was within the normal range when ICP was below 5 

mmHg and MABP was within the range of 40 - 160 

mmHg. Similarly, PbtO2 was within normal range 

when ICP was between 5 - 10 mmHg, and MABP 

was within the range of 80 - 160 mmHg. When ICP 

was between 10 - 20 mmHg, PbtO2 was normal when 

MABP was between 90 - 150 mmHg. When ICP 

was between 20 - 25 mmHg, PbtO2 was borderline 

normal only when MABP was within the range of 

100 - 125 ± 5 mmHg. When MABP was below or 

above this range, the brain tissue was already hypoxic 

with PbtO2 values below 20 mmHg. PbtO2 became 

critical when ICP was between 30 - 40 mmHg, and life 

threatening when ICP was above 40 - 45 mmHg, 

regardless of MABP values. We have developed a 

contour plot that was calculated using the same 

data, and expressed as a 2-D chart. Additionally it 

shows different constant values of PbtO2 in curves 

for varying values of ICP and MABP (Figure 2). The 

chart also includes white arrows with different angles, 

the slope of which shows the significance of changes 

of ICP or MABP on PbtO2 changes. Thus the chart 

potentially can facilitate the management of PbtO2 

during critical care monitoring once its analogue is 

developed using human data. 

 

 
Figure 1. 

3-D plot of the dynamic interrelationship between PbtO2, ICP and MABP throughout the monitoring process 

showing mean predicted values of PbtO2 as a function of ICP and MABP. The colour output reflects PbtO2 in 

mm Hg. This plot allows the prediction of specific PbtO2 values for any given ICP and MABP 
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Figure 2. 

Contour plot of the dynamic interrelationship between PbtO2, ICP and MABP shown in Figure 1. Black curves 

represent different constant PbtO2 values for varying values of ICP and MABP. White arrows represent the 

gradient of the PbtO2 as a function of MABP and ICP. The arrow direction for any given values of MABP and 

ICP indicates the sensitivity of PbtO2 to the changes of MABP or ICP. Red dots represent superimposed data 

points. This plot may facilitate the prediction of mean PbtO2 values for any given ICP and MABP during the 

monitoring time 

 

Dynamic correlation between PbtO2, ICP and CPP  

The simultaneous 3-D analysis of the dynamic 

correlation between the values of PbtO2, ICP and 

CPP (Figure 3) demonstrated that PbtO2 was within 

normal range when ICP was below 5 mm Hg and 

CPP was within the range of 50 - 150 mm Hg. 

PbtO2 was within normal range when ICP was 

between 5 - 10 mm Hg, and CPP was within the 

range of 60 - 150 mm Hg. When ICP was between 

10 - 20 mm Hg, PbtO2 was normal when CPP was 

between 70 - 140 mm Hg. When ICP was between 

20 - 25 mm Hg, PbtO2 was borderline normal only 

when CPP was within the most optimal range, 

which is 80 - 110 ± 5 mm Hg. When CPP was 

below or above this range, the brain tissue was 

already hypoxic, and PbtO2 was below 20 mm Hg. 

PbtO2 became critical when ICP was between 30 - 

40 mm Hg, and life threatening when ICP was 

above 40 - 45 mm Hg, regardless of CPP values. 

We have developed a contour plot that was 

calculated using the same data analogous to the 

previous one (Figure 4). Curved lines show 

constant values of PbtO2 at varying values of ICP 

and CPP, and the slope of white arrows shows the 

significance of ICP or CPP changes on PbtO2 

changes. 

 

 
Figure 3. 

3-D plot of the dynamic interrelationship between PbtO2, ICP and CPP throughout the monitoring process 

showing mean predicted values of PbtO2 as a function of ICP and CPP. The colour output reflects PbtO2 in mm 

Hg. This plot allows the prediction of specific PbtO2 values for any given ICP and CPP 
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Figure 4. 

Contour plot of the dynamic interrelationship between PbtO2, ICP, and CPP shown in Figure 3. Black curves 

represent different constant PbtO2 values for varying values of ICP and CPP. White arrows represent the 

gradient of the PbtO2 as a function of CPP and ICP. The arrow direction for any given values of CPP and ICP 

indicates the sensitivity of PbtO2 to the changes of CPP or ICP. Red dots represent superimposed data points. 

This plot may facilitate the prediction of mean PbtO2 values for any given ICP and CPP during the monitoring time 

 

Significance of ICP versus MABP for PbtO2 

The experimental data analysis by Gaussian processes 

showed that unit changes in the value of ICP and 

MABP have different effects on PbtO2. To evaluate 

the relative significance of changes of ICP and MABP 

on PbtO2 values, another contour plot (Figure 5) 

was computed on the basis of the 3-D data analysis 

presented in the previous section. The colour scale 

of the plot represents the significance of ICP changes 

over MABP changes at different ICP and MABP 

values on PbtO2. Note the inflection points in this 

graph at ICP values of 20 ± 5 mmHg and 40 ± 5 mmHg 

(Figure 5), which corresponds to capillary intravenous 

hydrostatic pressure and pre-capillary small arteriole 

hydrostatic pressure, respectively. 

 

 
Figure 5. 

Contour plot of the significance of ICP changes over MABP changes at different ICP and MABP ranges on 

PbtO2. Black curves represent different constant values of the significance of ICP changes over MABP changes 

on PbtO2 values. The two distinct ranges of ICP, namely 20 ± 5 mmHg and 40 ± 5 mmHg, are clearly shown as 

inflection points in this graph. We propose that these ranges correspond to capillary intravenous hydrostatic 

pressure and pre-capillary small arteriole hydrostatic pressure, respectively 

 

Significance of ICP versus CPP for PbtO2 

The experimental data analysis by Gaussian processes 

showed that similar to the case of ICP and MABP, unit 

changes of the values of ICP and CPP have different 

effects on the change of PbtO2. Another contour plot 

(Figure 6) of their relative significance was computed 

on the basis of the 3-D data analysis presented in the 

previous section. The colour scale of the plot represents 
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the significance of ICP changes over CPP changes at 

different ICP and CPP values on PbtO2. Note again 

the inflection points in this graph at ICP values of 

20 ± 5 mmHg and 40 ± 5 mmHg (Figure 6), which 

again correlate to capillary intravenous hydrostatic 

pressure and pre-capillary small arteriole hydrostatic 

pressure, respectively. It is also apparent from a comparison 

of Figures 5 and 6 that the significance of ICP over 

CPP is distinctively more than that over MABP. 

 

 
Figure 6. 

Contour plot of the significance of ICP changes over CPP changes at different ICP and CPP ranges on PbtO2. 

Black curves represent different constant values of the significance of ICP changes over CPP changes on PbtO2 

values. The two distinct ranges of ICP, namely 20 ± 5 mmHg and 40 ± 5 mmHg, are clearly seen as inflection 

points in this graph. We propose that these ranges correspond to capillary intravenous hydrostatic pressure and 

pre-capillary small arteriole hydrostatic pressure, respectively 

 

Critical thresholds of ICP  

Both clinical and experimental studies have shown 

two distinct thresholds for ICP, that is 20 - 25 mmHg 

and 35 - 40 mmHg, which are strongly correlated to 

critical and life-threatening levels of brain tissue 

oxygenation, respectively [4, 17, 24, 37, 46, 48, 55]. 

Previous studies have demonstrated that the ovine 

model of TBI replicates many features of human TBI 

[60] including correlations between ICP and PbtO2 

as well as similar thresholds for ICP. Therefore in this 

study we tried to elucidate the critical thresholds of 

ICP and the correlation between ICP thresholds and 

PbtO2. 

It is well known that the mean intravascular hydrostatic 

pressure in post-capillary venules is 10 - 15 mmHg, 

in capillaries it is 20 - 25 mmHg, and in pre-capillary 

arterioles is 35 - 40 mmHg [7, 10] (Table I). Normal 

ICP values are considered to be less than 10 to 15 

mmHg for adults and an ICP greater than 15 mmHg 

is considered to be abnormal [4, 28, 37, 47]. Our 

study has shown that PbtO2 was within normal limits 

(> 20 mmHg) when ICP was less than 20 mmHg, 

PbtO2 was critically low when ICP was above 20 - 

25 mmHg, and PbtO2 was life-threatening when ICP 

was above 35 - 40 mmHg (Figure 1). We consider 

that PbtO2 changes from normal (> 20 mmHg) to 

critical (< 10 - 15 mmHg) to life-threatening (< 10 

mmHg) when ICP changes from normal (< 10 - 15 

mmHg) to critical (20 - 25 mmHg) to life-threatening 

(> 35 - 40 mmHg), are reflecting the different intra-

vascular hydrostatic pressures in different segments 

of the cerebral vasculature. These thresholds would 

be related to the successive compression of post-

capillary venules, capillaries and pre-capillary met-

arterioles by increasing ICP. 

Table I 

Mean Hydrostatic pressure values in cerebral post-

capillary venules, capillaries, and pre-capillary met-

arterioles 

Post capillary venules 15 - 20 mmHg 

Capillaries 20 - 25 mmHg 

Pre-capillary met-arterioles 35 - 40 mmHg 

 

The first ICP threshold of 20 - 25 mmHg is critical 

because at this level, ICP can already compress 

capillaries and compromise the blood flow. The 

second ICP threshold of 35 - 40 mmHg would be 

considered life-threatening because at this level ICP 

in addition can compress and even close the precapillary 

met-arterioles and dramatically decrease CBF and so 

PbtO2. Therefore, as ICP increases after TBI, it would 

sequentially compress and significantly constrict post-

capillary venules (when ICP is 15 - 20 mmHg), then 

capillaries (when ICP is 20 - 25 mmHg), and finally as 

it goes above 35 - 40 mmHg, it would compress pre-

capillary met-arterioles and small arterioles (Table I). 

The three step pattern in Figure 1 clearly reflects 

these pathophysiological changes occurring as ICP 

increases, with the thresholds corresponding to intra-
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vascular hydrostatic pressure differences in the above 

mentioned segments of the cerebral vascular bed. 

This is the first time that PbtO2, ICP and MABP or 

CPP have been analysed simultaneously with machine 

learning using Gaussian processes 3-D, and to the 

best of our knowledge, it is also the first time that a 

contour plot (chart) has been developed describing the 

dynamic interrelationship between PbtO2, ICP, and 

MABP or CPP. The similarity in responses between 

our ovine model of TBI and human TBI has been 

critical to this development, and it underscores the 

importance of large animal models of TBI for 

translational research. The advantage of the simultaneous 

3-D analysis of the interrelationship between PbtO2, 

ICP, and CPP, compared to analysis of only 2 

parameters (PbtO2 vs. ICP, or PbtO2 vs. CPP) is 

that it reveals the impact of ICP on PbtO2 and CPP 

independently, while 2 parameter analyses overlooks 

the impact of ICP on both CPP and PbtO2. The 

reason for this difference is that 3-D analysis considers 

the correlation between CPP and ICP (CPP being a 

derivative of ICP) as well as revealing the simultaneous 

correlation of PbtO2 independently with both CPP 

and ICP. The 3-D analysis clearly showed that PbtO2 

values depend on ICP more than on CPP when ICP 

increases above its critical threshold (20 - 25 mmHg), 

and therefore increases in CPP above 70 - 75 mmHg 

are ineffective for the improvement of PbtO2 when 

ICP is above these levels. 

Reconsidering the formula for calculation of CPP 

CPP is the pressure gradient acting across the cerebro-

vascular bed and is regarded as a main determinant 

of CBF. To date, the question of what the optimal 

CPP is following TBI remains unanswered [3, 22]. 

Indeed, when CPP is vigorously maintained above 

70 mmHg, there is no significant benefit to patients 

and often systemic complications may occur, including 

cardiovascular and respiratory complications [3]. 

Paradoxically, a level of CPP below 60 mmHg is 

considered by some to be detrimental [6]. When the 

formula for CPP was first proposed, it was based on 

the assumption that autoregulation was disrupted and 

cerebral blood flow became linearly related to MABP; 

later studies, however, have revealed that autoregulation 

is functioning in more than 75% of patients with severe 

TBI [9, 36]. 

Normally autoregulation maintains constant cerebral 

post-arteriolar pressure (PAP) at 35 ± 5mmHg [7, 10]. 

When ICP is not increased (ICP = 5 ± 5 mmHg), the 

real cerebral perfusion pressure will actually be the 

difference between PAP and ICP (CPP = PAP - ICP) 

and would normally be maintained at 30 ± 5 mmHg. 

Since pressure autoregulation is functioning in the 

majority of patients with severe TBI, this means that 

CPP values are the difference between PAP and ICP, 

rather than between MABP and ICP. This may explain 

why, to date, it has been unclear how the same CPP 

values in different patients with TBI maintain different 

PbtO2 values, and why increases in CPP only improve 

PbtO2 in some patients and not in others.  

Increasing CPP to 70 - 80 mmHg will improve PbtO2 

only when ICP is below its critical threshold level 

(ICP < 25 - 30 mmHg) and MABP is below 100 - 

110 mmHg. When ICP is above 35 - 40 mmHg, there 

is no improvement in PbtO2 when CPP is increased. 

We consider that regardless of MABP/CPP values, 

intravascular hydrostatic pressure in post-arterioles 

cannot be increased significantly above 35 - 40 mmHg. 

Therefore, ICP values above 35 - 40 mmHg are 

critical as they can overcome the intravascular pressure 

and compress capillaries and pre-capillary met-arterioles. 

In this scenario, even though CPP values calculated by 

currently used formulae can be maintained at normal 

levels (60 - 70 mmHg) with the help of increased 

MABP, nonetheless PbtO2 values still will be critically 

low since the real cerebral perfusion pressure, that is 

CPP = PAP - ICP, will be closer to zero.  

It is therefore clear that CPP values calculated with 

the currently used formula under conditions when 

ICP is above the critical threshold do not reflect the 

real value of CPP and its real correlation to PbtO2, 

and overlooks the impact of ICP on CPP and PbtO2. 

PbtO2 is still critically low under these conditions. 

This may explain why patients with the same CPP 

values can often have different PbtO2 values and 

outcomes. In contrast, if CPP values are calculated 

as the difference between PAP and ICP, the value of 

the revised CPP would clearly reflect the real state 

of cerebral perfusion and of PbtO2. Therefore we 

propose a modified formula, which considers the 

impact of ICP on both CPP and PbtO2, and so reveals 

the real dynamic interrelationship between these three 

parameters, that is; CPP = PAP - ICP, where MABP 

is replaced by PAP, which represents the post-arteriolar 

pressure. 

 

Conclusions 

Simultaneous 3-D analysis can reveal not only a 

correlation between PbtO2 and ICP or MABP or 

CPP separately, but also the simultaneous dynamic 

interrelationship between PbtO2, ICP and MABP or 

CPP that two-parameter analysis cannot. The two 

ICP thresholds observed in our sheep model of TBI 

correlated to clinically observed human data, and 

associated to two different intravascular hydrostatic 

pressures in cerebral capillaries and pre-capillary small 

arterioles. 3-D analysis has allowed us to develop a 

chart (contour plot) of the dynamic interrelationship 

between PbtO2, ICP, and MABP, which when calculated 

and developed by using human data, has the potential 

to have clinical application in the management of 

patients with TBI to achieve an optimal CBF and so 

PbtO2. And in conclusion, the current formula of CPP 

may overlook the real values of ICP and MABP, 

therefore we propose that the formula be modified 
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to CPP = PAP - ICP, where MABP is replaced by 

PAP: post arteriolar pressure. 
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