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Abstract 

Monitoring intracranial pressure (ICP) is vital to decide the appropriate clinical treatment of 

patients with conditions potentially causing high ICP (e.g. brain injury, cerebral tumor, and 

hydrocephalus). On the path for finding an alternative means to invasive ICP measurement, 

the only means to date for accurate ICP monitoring, this study investigates the relationship of 

ICP with systemic cardiovascular signals ─heart rate (HR), aortic blood pressure (aBP), and 

carotid blood flow (cBF)─ via rat experiments and signal analysis techniques. Whilst induced 

changes in aBP and cBF resulted in evident alterations of ICP magnitude, increases of mean 

ICP up to 49 mmHg showed minimal effect on HR, aBP, or cBF signals. Thus, a stepwise 

mixed-model regression proved that the cardiovascular parameters here studied have minimal 

but significant predictive value of ICP magnitude. Changes in HR were found to modify the 

waveforms observed in ICP, aBP, and cBF signals, without altering the magnitude or phase 

of transfer function models. The transfer function models were constructed as a function of 

mean ICP, mean aBP, and aBP or cBF waveforms, and they showed potential to reproduce 

the ICP waveform (Root Mean Square Error (RMSE)≤4 mmHg), being more accurate for 

mean aBP above 100 mmHg and mean ICP below 20 mmHg (RMSE≤0.5 mmHg). Likewise, 

estimation of pulse ICP showed a small error (<1±1.0 mmHg) for mean ICP below 20 mmHg 

across a range of mean aBP (70–130 mmHg), proving considerable accuracy improvement in 

relation to previous studies. 
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Nomenclature 

aBP = Arterial blood pressure 

AF = Anterior fontanelle 

cBF = Carotid blood flow 

CPP = Cerebral prefusion pressure 

CRV = Central retinal vein 

CSF = Cerebrospinal fluid 

CT = Computed tomography 

ECG = Electrocardiogram 

EEG = Electroencephalogram 

HR = Heart rate 

ICP = Intracranial pressure 

IOP = Intraocular pressure 

MRI = Magnetic resonance imaging 

NIRS = Near infrared spectroscopy 

OCT = Optical coherence tomography 

ONS = Optic nerve sheath 

oVEMPs = Ocular vestibular evoked myogenic potentials 

PI = Pulsatility index 

RMSE = Root mean square error 

SE = Standard error 

SLT = Scanning laser tomography 

SMMR = Stepwise mixed-model regression 

TCD = Transcranial doppler 

TMD = Tympanic membrane displacement 

VEPs = Visual-evoked potentials 

VR = Ventilation rate 
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Chapter 1: Introduction 

Intracranial pressure (ICP) is the sum of pressures exerted by the elements inside the skull 

(i.e. cerebral blood, cerebrospinal fluid, and brain tissue) (Partington & Farmery 2014). In 

normal conditions, ICP rhythmically fluctuates according to the cardiac and respiratory 

cycles, showing a mean value that ranges from 1.5–6 mmHg in infants up to 5–15 mmHg in 

adults (Andrews & Citerio 2004; Dunn et al. 2002). A close monitoring of ICP is particularly 

important for patients with conditions involving raised ICP, such as intracranial space 

occupying lesions, hydrocephalus or idiopathic hypertension, as even minor fluctuations in 

ICP may imply a different clinical management (Czosnyka et al. 1996b; Lavinio & Menon 

2011; Davanzo et al. 2017; Gardner et al. 2017). The only accurate way so far for ICP 

monitoring is by direct measurement, which involves drilling a hole through the skull for 

placing a sensor inside the brain. This procedure is invasive and, consequently, it is 

associated with potential complications such as brain haemorrhage, infection, and catheter-tip 

drifting (Zhang et al. 2017). 

To avoid the complications of invasive ICP monitoring, several non-invasive methods have 

been developed to estimate ICP from surrogate signals; however, none of them is accurate 

enough to be used clinically (Schmidt et al. 2002; Rosenberg et al. 2011; Bruce 2014; Nair 

216; Padayachy 2016; Robba et al. 2016; Khan et al. 2017; Zhang et al. 2017). Non-invasive 

estimation of ICP from cardiovascular signals, such as blood pressure and blood flow, seems 

one of the most promising approaches with the potential advantages of being economical and 

easy to use, while allowing bedside and continuous monitoring (Wagshul et al. 2011; 

Evensen et al. 2018). Since the use of cardiovascular signals as a mean for ICP estimation 

still requires further research, this Master of Research Project investigates, via rat 
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experiments and signal analysis techniques, the existence of predictive correlates from 

cardiovascular inputs including heart rate (HR), aortic blood flow (aBP) and carotid blood 

flow (cBF) to the magnitude and waveform of the ICP. This will set the basis for future 

studies on the development and testing of models that predict ICP from non-invasively 

acquired cardiovascular signals. 

The objectives of this study are detailed in Section 1.1, followed by the study hypothesis in 

Section 1.2. A literature review focused on the intracranial dynamics and the invasive and 

non-invasive methods to monitor ICP is addressed in Chapter 2. Data acquisition and the 

procedures for data analysis are described in Chapter 3. The findings are reported in Chapter 

4 and discussed in Chapter 5. Finally, the conclusion is presented in Chapter 6. 

1.1. Objectives 

1.1.1. General 

To investigate the potential of cardiovascular signals (HR, aBP, and cBF) to be used for non-

invasive ICP monitoring. 

1.1.2. Specific 

• To find predictors of ICP magnitude (mean and pulse) from parameters in 

cardiovascular signals. 

• To find predictors of ICP waveform from cardiovascular signals. 
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1.2. Hypothesis 

It is expected that cardiovascular signals can provide information on the magnitude and 

waveform shape of ICP because: 

1) a potential physiological response to raised ICP, such as the Cushing Reflex at very 

high ICP, could be detected in the cardiovascular system. 

2) reflected waves shaping the waveform of aBP or cBF may be influenced by ICP. 

3) the pulsatility in the intracranial space has a cardiac origin. 
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Chapter 2: Literature Review 

2.1. Intracranial dynamics 

2.1.1. Intracranial content 

The intracranial space is filled with three main nearly incompressible components: brain 

tissue, cerebral blood, and cerebrospinal fluid (CSF) (Galloon 1969; Tameen & Krowidi 

2013; Partington & Farmery 2014; Oswal & Toma 2017). The human brain has a mass of 

about 1.4 kg, and it can be subdivided in three broad segments: forebrain, midbrain, and 

hindbrain. While the forebrain is responsible for higher functions such as memory and 

language, the hindbrain and midbrain are associated with basic life functions such as 

respiration and blood pressure. Additionally, brain tissue can be differentiated into gray 

matter (composed of unmyelinated neurons and other cells) and white matter (composed of 

myelinated axons) (Luria 1970; Donnelly 2014). Three layers (meninges) of connective tissue 

are responsible for wrapping and protecting the brain along with the spinal cord: dura mater 

(outer most layer), arachnoid, and pia mater (inner most layer) (Mack et al. 2009; Decimo et 

al. 2012). 

Blood supply to the brain is via the internal carotid and vertebral arteries, which enter the 

skull via the carotid canals and foramen magnum, respectively (Takahashi & Mugikura 

2010). Blood exits the cranial cavity through the internal jugular veins (Figure 1) (Tasker 

2013). To provide an appropriate environment for neural activity, the blood is separated from 

the interstitial fluid of the brain by the blood-brain barrier created by tight junctions between 

capillary endothelial cells (Serlin et al. 2015; Gastfriend et al. 2017). Normal intracranial 

blood volume is around 150 mL, two thirds of which is in the venous system. Due to the high 
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brain energy demands, cerebral blood flow is large (700 mL/min) in comparison to the total 

blood in the cranium (150 mL) and accounts for more than 15% of total cardiac output 

(Partington & Farmery 2014; Oswal & Toma 2017). Additionally, cerebral blood is not 

uniformly distributed throughout the brain, being more abundant in grey matter than in white 

matter (Tasker 2013). 

 

Figure 1. Pathways for inflow (arteries) and outflow (veins) of cerebral blood. Adapted and extended 

upon work of Morris (1997) and Scremin (2012). 

 

CSF is a liquid composed of secretions from the choroid plexus (branched structures within 

specific regions of the cerebral ventricles) plus interstitial fluid from parenchymal capillaries 

and cellular metabolic processes. CSF is distributed in the ventricular system inside the brain, 

the cranial subarachnoid space around the brain, and the spinal subarachnoid space around 

the spinal cord (Figure 2), and it is separated from the vascular system by the blood-CSF 
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barrier (Cserr 1971; Milhorat et al. 1971; Tumani 2015a). The main functions of CSF are 

transport of materials (e.g. nutrients, waste products, hormones, antigenic material), 

protection by cushioning of the central neural system, and equilibrating the intracranial 

pressure (through CSF displacements between the cranial and spinal regions). CSF is mostly 

produced by the choroid plexus, and it is reabsorbed by arachnoid granulations of the venous 

system and brain capillaries (Tumani 2015b). 

 

Figure 2. CSF surrounding the central neural system is mainly produced by the choroid plexus and 

reabsorbed by arachnoid granulations in the superior sagittal sinus. Adapted and extended upon work 

of Sakka et al. (2011). 
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2.1.2. Monro-Kellie hypothesis 

The Monro-Kellie hypothesis (Monro1783; Kellie 1824) states that if the skull is intact and 

rigid, then the sum of the volumes of brain, cerebrospinal fluid and intracranial blood is 

constant. Thus, considering that the intracranial contents are nearly incompressible, a volume 

increase in an intracranial component (e.g. blood) must cause a volume decrease in the other 

components (e.g. CSF) (Gallon 1969; Andrews and Citerio 2004; Partington & Farmery 

2014). The Monro-Kellie hypothesis can be observed in the complex mechanisms that 

compensate for changes in intracranial blood volume caused by the cardiac cycle (Wilson 

2016). Cardiac systole is associated with an expansion of the blood volume within elastic 

cerebral arteries, which leads to CSF displacement through the foramen magnum and an 

increase in venous outflow. In contrast, during diastole CSF re-enters the cranial 

compartment and venous outflow decreases. Arterial elasticity acts to dampen the arterial 

pulse pressure wave, and this contributes to the maintenance of a relatively stable ICP and 

cerebral blood flow (Oswal & Toma 2017). If the compensatory mechanisms fail, or the 

increase in volume of an intracranial component is too much, the inability of intracranial 

content to accommodate volume variations (low compliance) leads to raised ICP (Figure 3) 

(Rosner & Becker 1984; Partington & Farmery 2014). 
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Figure 3. Pressure-Volume curve showing that injecting intracranial fluid after high-compliance 

exhaustion results in abrupt increments of both mean ICP and pulse ICP (systolic – diastolic ICP). 

Adapted and extended upon work of Oswal & Toma (2017). 

 

2.1.3. Cerebral autoregulation 

Blood flow to the brain is caused by the pressure gradient between ICP and arterial pressure. 

This pressure gradient is called cerebral prefusion pressure (CPP), and it is calculated by 

subtracting ICP from mean arterial blood pressure (CPP = mean arterial blood pressure – 

ICP). The high cerebral demand of oxygen and nutrients makes the brain intolerant to 

reduced blood inflow. For keeping the cerebral blood flow constant (~50 mL/100 g/min) in 

an environment of changing arterial pressure and ICP, blood vessels react to oscillations of 

CPP in a process called cerebral autoregulation (Lang et al. 2002; van Beek et al. 2008). 

Cerebral autoregulation involves adjustments in cerebrovascular resistance by actively 

dilating or contracting cerebral vessels through myogenic activity. Vascular smooth muscle 

constricts or dilates cerebral arterioles if CPP is, respectively, raised or reduced (van Beek et 

al. 2008; Oswal & Toma 2017). This intrinsic property of cerebral vessel resistance controls 
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downstream perfusion, independent of pressure, and limits the intraluminal pressure 

experienced by capillaries, whose thin walls are prone to injury. Vascular tone by local 

control mechanisms (e.g. release of dilator and constrictor substances) may also allow 

dynamic changes in the luminal diameter of vessels (Partington & Farmery 2014).  

Autoregulation may have a detrimental effect under certain conditions of acutely raised ICP. 

For example, if ICP is raised by a haematoma, vasodilation due to autoregulation will be 

achieved to maintain cerebral inflow. Consequently, cerebral blood volume will increase, 

raising the already high ICP. Then, the higher ICP will promote vasodilation again, resulting 

in a vicious cycle (Giulioni & Ursino 1996; Powers et al. 2001; Partington & Farmery 2014; 

Oswal & Toma 2017). 

2.1.4. Intracranial pressure (ICP) 

ICP, the pressure inside the cranium, arises from the pressure exerted by the volumes of brain 

parenchyma (1200-1600 mL), cerebral blood (100-150 mL), and CSF (100-150 mL) within 

the skull (Partington & Farmery 2014). Under normal conditions, mean ICP varies with age 

(1.5-6 mmHg in infants, 3-7 mmHg in children, and 5-15 mmHg in adults; Figure 4) (Dunn et 

al. 2002) and fluctuates continuously according to the respiratory cycle and with a pulsatile 

cardiac component (Dardenne et al. 1969; Hamer et al. 1977; Kirkness et al. 2000; Andrews 

& Citerio 2004). Additionally, transient variations in ICP can be caused by posture, 

coughing, and straining (Alperin et al. 2005; Fan et al. 2008; Martin & Loth 2009; Oswal & 

Toma 2017). 
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Figure 4. Normal range of mean ICP per group of age, according to Dunn et al. (2002). 

 

An ICP higher than 15-25 mmHg is considered abnormally raised, and higher than 50 mmHg 

is likely to reduce the blood flow to the brain (Ryder et al. 1950; Dunn 2002; Roytowski & 

Figaji 2013; Bronzwaer et al. 2014; Lewis et al. 2016). If CPP falls below 15 mmHg through 

either an increase in ICP or decrease in blood pressure, a physiological response of the neural 

system, the Cushing reflex, is triggered, resulting in increased blood pressure, irregular 

breathing, and bradycardia (Cushing 1902, 1903). The Cushing reflex is usually seen in 

terminal stages of acute raised ICP, preceding brain herniation, global ischemia, and death 

(Kalmar et al. 2005; Wan et al. 2008). Some other symptoms of raised ICP include headache, 

papilloedema (swelling of the optic disc), vomiting, and deterioration in the conscious level 

(Carretero & Oparil 2000; Dunn 2002; Fan et al. 2008; Iencean & Ciurea 2008; Partington & 

Farmery 2014; Oswal & Toma 2017). Common pathologies causing raised ICP are space 

occupying lesions (e.g. traumatic haematomas, neoplasms, abscess, oedemas), 

overproduction or poor resorption of CSF (e.g. hydrocephalus), obstruction to the venous 

outflow (e.g. venous thrombosis), and possibly arterial hypertension (Kongstad & Grände 

2001; Dunn et al. 2002). Possible procedures to relieve high ICP involve CSF drainage, 

elevation of the bedhead at 30° (improves jugular venous outflow), neuromuscular blockade 

(muscular activity may increase the intrathoracic pressure and obstruct cerebral outflow), 
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diuretics (remove fluid from the brain), and hyperventilation (induces vasoconstriction) 

(Dunn et al. 2002). 

2.1.5. ICP waveform 

Since the ICP waveform is synchronous with the arterial pulse (Figure 5), the origin of ICP 

pulsatility is thought to be mostly arterial (Dardenne et al. 1969; Cardoso et al. 1988; 

Wagshul et al. 2011; Kim 2014). Normally, an ICP pulse cycle shows three characteristic 

peaks (Figure 6): P1 (percussion wave), P2 (tidal wave), and P3 (dichotic wave). P1 

originates from the pulsation of the choroid plexus; it is sharp and constant in amplitude. P2 

represents the rebound after the initial arterial percussion; it is more variable in shape and 

amplitude than P1 is, and it ends in the dicrotic notch. P3 follows the dicrotic notch, and it 

has a venous origin. The dicrotic notch between P2 and P3 corresponds to the dicrotic notch 

of the arterial pulsation. As ICP increases, the amplitudes of P1 and P2 increases, then P2 

exceeds P1, and finally all peaks become indistinguishable. This loss of the individual peaks 

produces a rounding appearance of the ICP waveform (Fan et al. 2008). 

 

Figure 5. ICP and aortic blood pressure (aBP) recordings from the anaesthetized rat “female #3” 

considered in this study. The synchrony between these signals reflects the cardiac origin of ICP 

pulsatility. 
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Figure 6. Average of 20 individual cycles from ICP recording of the anaesthetized rat “female #3” 

considered in this study. 

Lundberg et al. (1965) described three types of minute-scale (i.e. smoothed, removing the 

cardiac pulsatile component) ICP waves in patients with raised ICP: A waves (also known as 

plateau waves), which show an increase from lower ICP to a mean ICP of 50–100 mmHg and 

last 5–20 min; B waves, recently redefined as slow waves and slow vasogenic waves, which 

reflect vasogenic activity of cerebral autoregulation (alterations in the timing of slow 

vasogenic waves may suggest reduced intracranial compliance), occur at a frequency of 0.33–

3 cycles per minute with oscillations between a lower and higher ICP (up to 50 mmHg) 

(Momjian et al. 2004; Spiegelberg et al. 2016, 2018); and C waves, which last 4–5 min 

moving from a lower to a higher (up to 20 mmHg) ICP. C waves are of little clinical 

significance and may be present in normal people, B waves generally do not need any 

treatment, but A waves necessarily require interventions to reduce ICP and maintain CPP. 

2.2. Invasive ICP monitoring 

There are several modalities to invasively measure ICP, according to the place where the 

recordings are taken: intraventricular, intraparenchymal, epidural, subdural, and lumbar 

(Figure 7). These modalities generally require the opening of the skull for implantation of 

sensors with wires or catheters that pass through the skin to connect to monitors. Although 

telemetric, wireless, implantable microsensors constitute a promising and developing 

technology, they are not yet reliable and readily available (Zhang et al. 2017). 
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2.2.1. Intraventricular 

In this method, considered the gold standard, measurements are obtained from inside the 

cerebral ventricles. The most accurate and reliable means for measuring ICP is by an 

intraventricular catheter coupled to a pressure transducer. The catheter is placed into one of 

the ventricles through a burr hole in the skull. The intraventricular method also allows CSF 

drainage as a therapeutic option when ICP is raised (The Brain Trauma Foundation 2000). 

However, four main shortcomings discourage intraventricular monitoring: (1) It may lead to 

CSF leakage, causing untrusty low readings (Zhang et al. 2017); (2) It is associated with 

infections and mechanical complications (Czosnyka et al. 1996a); (3) It may damage 

important cerebral tissue if placed incorrectly (Raboel et al. 2012); (4) It is a complicated and 

risky technique, especially when the ventricles are very small (Saladino et al. 2009). 

 

Figure 7. Places where ICP can be invasively measured. Redrawn from Ross & Eynon (2005). 
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2.2.2. Intraparenchymal 

Measurements with this method are recorded inside the cerebral parenchyma (ideally 1-2 cm 

into the brain tissue), by microsensors based on optical fiber or electrical impedance (Zhang 

et al. 2017). These microsensors are accurate, minimally invasive, easy to place, and almost 

free of infections (Mack et al. 2003; Raboel et al. 2012). Thus, intraparenchymal measuring 

is the most frequent choice when ventricular drainage is not needed (Luerssen 1997; Wiegand 

& Richards 2007). Microsensors based on optical fiber need a wire kept in a straight line by a 

bolt (kinking the cable may produce bad recordings and disconnection; Stendel et al. 2003). 

On the other hand, microsensors based on electrical impedance can be inserted without a bolt 

(Anderson et al. 2004). The main disadvantage of the intraparenchymal technique is a small 

drift of the microsensors and the inability to drain CSF. Moreover, the local pressure detected 

by the sensors may be misleading since the ICP is not uniform within the brain (Zhang et al. 

2017). 

2.2.3. Epidural and subdural 

For these methods pressure sensors are located between the skull and the dura (epidural) and 

between the dura and the brain (subdural). Since these methods do not invade the brain, they 

are less conducive to infections, haemorrhages, CSF leak, and seizures than the 

intraventricular method (Gaab et al. 1989; Raabe et al. 1998). A specific advantage of 

epidural sensors is the avoidance of dural penetration; however, they may be less accurate 

than intraventricular sensors (Bruder et al. 1995; Eide 2008). Subdural monitoring requires a 

large dural opening that involves the removal of a bone plate from the skull, plus it seems less 

reliable when measuring higher ICP. Both epidural and subdural measurements do not allow 

CSF drainage, and are almost unused (Zhang et al. 2017). 
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2.2.4. Lumbar 

Measurements with this method involve puncture into the lumbar spinal CSF space. Lumbar 

puncture is not strictly an ICP measurement, but it accurately estimates ICP in patients whose 

CSF circulates freely through to the lumbar zone (Langfitt et al. 1964; Mertz et al. 2004; 

Speck et al. 2011). Lumbar puncture is the simplest and longest-standing ICP measurement 

method (Wiegand & Richards 2007); it is less risky than the other invasive methods, and it 

allows the drainage of CSF if needed (Tuettenberg et al. 2009; Speck 2011). However, 

lumbar puncture is not recommended when ICP is suspected to be high from a mass lesion 

because it may cause brain herniation (Kashif et al 2012). Another drawback of the technique 

is that CSF in the lumbar spinal region may not reflect ICP in highly anaesthetised children 

(Wiegand & Richards 2007) or in case of an obstruction between the intracranial and 

intraspinal cavities (Eide & Brean 2006). 

2.3. Non-invasive ICP monitoring 

The association of invasive ICP monitoring with potential complications (e.g. anaesthesia, 

infections, haemorrhages, CSF leakage, obstruction, difficulty in placement) has prompted 

researchers to develop non-invasive techniques for ICP estimations. In general, non-invasive 

methods measure physiological variables that correlate with ICP; however, none of them has 

proved enough accuracy and ease of use for clinical monitoring (North 1997; Martínez-

Mañas et al. 2000; Lang et al. 2003; Wiegand & Richards 2007; Shafi et al. 2008; Zhang et 

al. 2017). The existing non-invasive techniques to estimate ICP are described and critiqued 

below within eight categories according to their methodological origin: 1) cardiovascular 

signals, 2) skull elasticity, 3) wave propagation, 4) ophthalmic, 5) otic, 6) fluid dynamics, 7) 

electrophysiologic, and 8) morphology of intracranial structures. 

  



26 

2.3.1. Cardiovascular signals 

System and signal analysis (Broughton & Kurt 2009; Perfetto et al. 2012; Alessio 2016; 

Giron-Sierra 2017a, 2017b) of cardiovascular parameters can be applied to estimation of ICP 

as has been previously done for arterial and venous blood flow and pressure (Karamanoglu et 

al. 1993; Chen et al. 1997; Silva et al. 2009; Avolio et al. 2009, 2010; Nayak et al. 2012; 

Butlin et al. 2013; Esper & Pinsky 2014; Gao et al. 2016), and constitutes a particularly 

promising and developing technology (Marmarou et al. 1978; Chopp & Portnoy 1980; Piper 

et al. 1990; Zou et al. 2008; Carrera et al. 2010; Golzan et al. 2012; Kao et al. 2013; Kim et 

al. 2017; Zhang et al. 2017). In this context cardiovascular signals have several advantages: 

1) there is potential to estimate the whole complex ICP waveform, not only the mean value; 

2) their potential to generate more accurate estimates is still high; 3) they are expected to 

allow a near-real-time monitoring on a beat-by-beat time scale; 4) they are relatively easy and 

inexpensive to obtain; and 5) specialized training would not be required and it is plausible 

that patient specific adjustments may not be required (Kashif et al. 2012; Kim 2014). 

Jugular vein 

Blood exits the intracranial space through the cerebral venous system. To keep the cerebral 

blood volume constant, a change in the arterial inflow to the brain would mean a change of 

the same magnitude in the venous outflow. If the venous outflow strives to match the arterial 

blood inflow (e.g. because of venous compression), accumulation of cerebral blood would 

lead to high ICP (Wilson 2016). It is well recognized that gentle pressure to the neck over the 

jugular veins (e.g. by using cervical collars) causes an ICP rise, and a linear relationship 

between jugular blood flow change rate and ICP has been reported (Allocca 1980; Verweij et 

al. 2001; Stone et al. 2010). Pranevicius et al. (2012) proposed a method to display jugular 

vein pressure value as an absolute value of ICP. The method measures the functional 

relationship between a jugular controlled occlusion and the blood pressure monitored in the 
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jugular vein. Rich et al. (2003) provided further evidence that venous outflow obstruction 

leads to elevated ICP, by finding significantly narrower jugular foramina in children with 

high ICP. The degree of compression of jugular veins assessed by ultrasound may also help 

in determining elevations in ICP. Through this imaging technique, it has been proved that 

cervical collars increase ICP through a mechanical effect on venous outflow from the brain 

(Stone et al. 2010; Zhang et al. 2017). 

Arterial blood pressure 

ICP is often expressed as a single mean value; however, ICP is inherently pulsatile, showing 

a complex oscillatory waveform through time. While respiratory- and vasomotor-induced 

oscillations contribute to ICP pulsatility, the main component is cardiovascular-induced 

pulsatility (Hamer et al. 1977; Cardoso et al. 1988; Greitz 2004; Tomycz et al. 2017). Each 

cardiac contraction produces an arterial blood pressure wave that propagates to the 

intracranial compartment, shaping the ICP wave. Since oscillation of ICP with the cardiac 

cycle is a result of the cardiac-driven variations in arterial blood pressure, estimating ICP 

from arterial blood pressure seems a reasonable proposition. 

Dronkers (2011) used correlation techniques to study the association between ICP and blood 

pressure (mainly venous), and he concluded that little information about ICP can be extracted 

from blood pressure alone. However, his work suggests that other signals, such as blood flow, 

may reveal more information about ICP than pressure signals alone. One year later, Kashif et 

al. (2012) developed a model-based continuous estimation of ICP from cerebral blood flow 

velocity and arterial pressure, proving that non-invasive, continuous, calibration-free, and 

patient-specific estimation of ICP with clinically acceptable accuracy is feasible. However, 

their method still requires more accuracy and validation based on larger patient pools. 
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Kim et al. (2012) suggested that the cranial system absorbing arterial pulsations around the 

cardiac frequency (notch filter) (Kasuga et al. 1987; Zou et al. 2008; Wagshul et al. 2009, 

2011) is probably an intrinsic property across species. This implies that results from animal 

experiments may be valid for humans, and that ICP could be potentially estimated by 

removing the cardiac frequency from arterial blood pressure. Kim et al. (2012) also 

recommend 1) to confirm the disappearance of the notch filter when cerebrospinal fluid is 

infused in rats; 2) assess the relative contribution of phase on the pressure transfer function 

spectra; and 3) investigate whether the transfer function spectra are consistently reproducible 

in the same animal across a range of heart rate frequencies. Johnston et al. (1972), Miller et 

al. (1973), Grubb et al. 1975, Beiner et al. 1997, and Eide (2016) have done some work on 

ventricular infusion testing along the lines of that proposed by Kim et al. (2012), though not 

in the context of examining the cardiac frequency (notch) filter characteristics. 

More recent work supports the idea that the central aortic pressure wave, rather than the 

radial pressure wave, is a major determinant of the ICP waveform (Kim 2014; Kim et al. 

2016a, 2017), except during very high ICP (Kim et al. 2015). Evensen et al. (2018) found 

that a transfer function approach to estimate the ICP waveform from the aBP waveform alone 

is not a reliable method for clinical use in idiopathic normal pressure hydrocephalus patients. 

However, it has been suggested that using arterial pressure waves in combination with arterial 

flow waves may provide a better estimate of ICP (Kim et al. 2015, 2016b; Lewis et al. 2016).  

Cerebral blood flow velocity 

Blood flow to the brain depends on the pressure gradient between the mean ICP (~10 mmHg) 

and the mean arterial pressure (~100 mmHg) exerted by the heartbeat. Thus, an increase in 

ICP may reduce this pressure gradient and consequently cerebral blood flow (Hanlo et al. 

1995). However, when ICP is increased, the mean arterial pressure rises as a physiological 

response to maintain cerebral blood flow. Based on the former concepts, some studies have 
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attempted to estimate ICP from waveform analysis of cerebral blood flow velocity along with 

arterial pressure, obtaining from moderate to very high correlation between estimated and 

invasively measured ICP values (Schmidt et al. 2002; Xu et al. 2010; Kashif et al. 2012). It is 

this technique that forms the basis of a commercial non-invasive ICP monitoring system 

(ICM+, Division of Neurosurgery of the University of Cambridge, 

https://icmplus.neurosurg.cam.ac.uk). 

The velocity of blood flow in cerebral vessels is measured by transcranial Doppler (TCD) 

sonography, a technique that detects the frequency shift between an emitted ultrasonic wave 

and the reflected wave from blood flowing in an artery in the intracranial space (Lupetin et 

al. 1995; Golzan et al. 2009; Popovic et al. 2009). This frequency shift directly correlates 

with the speed of blood (given a constant insonation angle), so that the analysis of an artery 

with TCD can be used to produce the waveform of the flow velocity in that artery. Since 

changes in the ICP may be reflected in the shape of the cerebral blood flow velocity 

waveform (Cardim et al. 2016), some studies have also attempted to estimate ICP from the 

cerebral blood flow velocity alone. In an adult study, the pulsatility index (PI, difference 

between systolic and diastolic flow velocity divided by the mean flow velocity) correlated 

well with ICP (correlation coefficient of 0.938, p<0.001) (Bellner et al. 2004). A study in 

children with severe traumatic brain injury found the PI to be a less reliable indicator of 

absolute ICP values (Figaji et al. 2009). However, a subsequent study also in children found 

TCD to be an excellent examination for identifying patients likely to need invasive ICP 

monitoring (Melo et al. 2011). The inconsistencies among patient studies demand further 

research on the applicability of the cerebral blood flow velocity and arterial pressure to 

predict the ICP (Cardim et al. 2016). 

  

https://icmplus.neurosurg.cam.ac.uk/


30 

2.3.2. Skull elasticity 

Anterior fontanelle 

Fontanelles are soft membranes that connect the bony plates of the infant skull in specific 

sections. The anterior fontanelle (AF), located at the top of the head, is the largest of all 

fontanelles, and it is usually closed when the infant is between seven and 20 months old 

(Aisenson 1950; Pindrik et al. 2014). In normal conditions, the AF of an infant is relatively 

firm and slightly curved inwards. An abnormal increase in the head circumference (possible 

because of the elastic nature of fontanelles) and an outward curving of a tense AF are 

typically good indicators of raised ICP (Padayachy 2016; Khan et al. 2017). In cases of very 

high ICP, the skull plates are sensed separated when touched, and distended veins are visible 

in the head (Wiegand & Richards 2007; Padayachy 2016). 

Because the AF gives access to the intracranial compartment, several devices have been 

developed to assess the ICP via the AF. One of these devices is the fontogram (applanation 

transducer; Salmon et al. 1977), which has springs attached to a rod centered in a base plate. 

If a force is conducted across the AF, the rod experiments a relative displacement that can be 

used to measure and record the pulsations of the AF. Other devices such as the fontanometer 

(Davidoff & Chamlin 1959), which uses the principle of the Shiotz tonometer (a tool for 

estimating the intraocular pressure), and the Rotterdam Teletransducer (a resonator plus an 

electromagnetic coupled impedance measuring apparatus; Peters et al. 1995) have also been 

developed to estimate the ICP through the AF pulsations (Wiegand & Richards 2007). 

Recently, a technique using standard ICP probes secured against the AF was developed to 

epicutaneously measure transfontanelle ICP (Behmanesh et al. 2016). This novel method was 

reported as accurate as invasive epidural measurements; however, more studies supporting 

the results are needed. This method of ICP estimation is not available once the cranial plates 

are firmly fused (Padayachy 2016; Khan et al. 2017). 



31 

Bony deformities 

Based on the hypothesis that the skull is not completely rigid, even after the closure of 

fontanelles, it has been proposed that tiny, but measurable, bony deformities of the skull can 

be used to estimate the ICP (Yue & Wang 2009). Pitlyk et al. (1985) devised and tested, on 

dogs and cadavers, an instrument to measure changes of the skull diameter in response to 

changes of ICP, concluding that their method should be sensitive enough to be used in 

clinical evaluation. Mascarenhas et al. (2012) confirmed that the consolidated skull of adults 

reflects a linear relation between the cranial deformation and ICP variations. Frigieri-Vilela et 

al. (2016) performed in vivo experiments to validate the method proposed by Mascarenhas et 

al. (2012), finding good agreement (Pearson’s correlation coefficient r = 0.8±0.2, with a 

range of 0.31–0.99) between the measurements from deformation sensors glued onto the skull 

and direct ICP monitoring. However, the clinical applicability of this technique has yet to be 

evaluated (Khan et al. 2017). 

2.3.3 Wave propagation 

Mechanically induced waves 

The vibration characteristics of a material (e.g. bone) changes according to the stress applied 

to it. Since the ICP generates stress in the skull bones, changes in the vibration characteristics 

of the skull imply changes in the ICP. If an input vibration (e.g. a vibration exciter transducer 

or impact hammer) is induced in some location of the skull, it creates a mechanical wave 

through the bone that can be detected (e.g. by an accelerometer, velocity sensor, or 

displacement sensor) as an output vibration in another part of the skull. Analyzing the 

differences (e.g. with a spectrum analyzer, a dynamic signal analyzer, or network analyzer) 

between repeated input and output vibrations can be used to estimate values of the ICP over 

time (Mick 1991, 1992; Sinha 2000). Li & Luo (2010) used finite element modelling to study 

the correlation between ICP and vibration responses of the head, finding that the ICP is the 
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only factor making a difference in the vibrational response. However, the vibrational 

responses were not equally sensitive to the changes of ICP. 

Acoustically induced waves 

The way in which an ultrasonic wave propagates through the skull depends on the acoustic 

properties of the intracranial content. Since these properties are influenced by the ICP (e.g. 

changes in the volume of any intracranial element affect transit time of ultrasonic waves; 

Ragauskas et al. 2003), it has been aimed to estimate the ICP by comparing the 

characteristics (e.g. speed and attenuation) of an ultrasonic input wave against its 

characteristics after travelling through the head (Ragauskas & Daubaris 1995; Michaeli & 

Rappaport 2002; Ragauskas et al. 2003; Fountas et al. 2005; Popovic et al. 2009). To emit 

and detect ultrasonic waves through the brain, two transducers are located on the cranium 

opposite walls, or a single transducer may be used for both generating the incident wave and 

measuring the reflected wave (Popovic et al. 2009). 

Considering that the pulsatility of the ICP depends on the heartbeat, Michaeli et al. (2002) 

obtained an estimated ICP wave by digitally processing transcranial ultrasonic signals along 

with electrocardiogram measurement. In a preliminary clinical trial, the ICP wave estimated 

from their analysis showed a good correlation with that obtained from standard invasive 

methods (Michaeli et al. 2002). In addition, Ganslandt et al. (2017) found a strong positive 

linear relationship between invasively measured ICP and the ICP estimated from advanced 

signal analysis of acoustic waves propagating through the cranium. However, for most of 

ultrasonic transcranial methods, accuracy remains unclear and the validation for clinical use 

is scarce. The specific angles and locations of transducers influence ICP estimations, and this 

also decreases the reliability of the method. More research is also needed to evaluate how the 

measurements are affected by other factors such as brain shift or intracranial pathologic 
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masses (e.g. blood collections or tumors) (Schmidt et al. 1997; Levinsky et al. 2016; Khan et 

al. 2017; Zhang et al. 2017). 

2.3.4. Ophthalmic 

The optic nerve sheath 

The optic nerve, which originates from the central neural system, is surrounded by CSF and 

then encased by a dural optic nerve sheath (ONS). Thus, an increase of ICP may push CSF 

around the optic nerve, causing an expansion of the ONS diameter (Helmke & Hansen 1996; 

Hansen & Helmke 1997). Changes in the ONS diameter can be visualised and measured with 

different imaging techniques such as optical coherence tomography (OCT), scanning laser 

tomography (SLT) and magnetic resonance imaging (MRI) (Robba et al. 2016; Padayachy et 

al. 2016). The assessment of the ONS diameter is a promising non-invasive method for the 

prediction of ICP since several studies have demonstrated a strong, almost direct, association 

between the distension of the ONS and ICP values (Geeraerts et al. 2008; Rajajee et al. 2011; 

Kimberly et al. 2008; Soldatos et al. 2008; Hansen & Helmke 1997; Wang et al. 2015). 

However, it does require expensive specialized equipment for measurement. 

The central retinal vein 

Since the optic nerve, which contains the central retinal vein (CRV), is immersed in CSF, 

both the nerve and the CRV are closely influenced by the ICP. As ICP rises, so does the 

resistance to retinal venous outflow; consequently, CRV pressure is enhanced to compensate 

the ICP effect on outflow resistance (Firshing et al. 2000, 2011; Querfurth et al. 2004, 2010; 

Morgan et al. 2012). In clinical practice, a suction cup (ophthalmodynamometer) surrounding 

the eye is used to increase the intraocular pressure until a collapse of the CRV is observed 

(the vein swells and lose tension in its wall) (Baurmann 1925). The pressure value at the 
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collapse point is the venous outflow pressure, and it has been found to linearly predict 

absolute ICP (Querfurth et al. 2010; Firshing et al. 2000, 2011). 

In addition, the pulsations of the CRV (visible changes in the retinal vein calibre) are 

typically in phase with the ICP pulsations (Firshing et al. 2000; Golzan et al. 2012; Morgan 

et al. 2012). A reduction or absence of CRV pulsations may suggest an elevated ICP; 

however, 10% of normal people lack visible CRV pulsations (Levin 1978; Jacks & Miller 

2003). To assess the CRV, the pupils must be dilated by an experienced ophthalmologist. 

Another disadvantage of the technique is that the cumbersome application of external ocular 

pressure can generate the oculo-cardiac reflex followed by hypotension, an undesired 

condition especially when ICP is increased (Padayachy 2016; Zhang et al. 2017). 

The retina 

The thickness of the retinal nerve fiber layer is usually altered (augmented) when the ICP is 

abnormally raised, and the degree of alteration has been found to correlate with ICP values 

(Hee et al. 1995; Heckmann et al. 2004; Savini et al. 2004; Scott et al. 2010; Driessen et al. 

2014; Huang-Link et al. 2015). Imaging techniques such as optical coherence tomography 

(OCT) and scanning laser tomography (SLT) are very promising to quantify and evaluate the 

retinal morphology (Kruse et al. 1989; Rohrschneider et al. 1998; Trick et al. 1998; Anand et 

al. 2016; Swanson et al. 2017). However, the retina assessment through these techniques 

seems unreliable in patients with severe disk edema (optic disc swelling) or chronic high ICP 

previously treated (Skau et al. 2013; Bruce 2014). In addition, its clinical value in reliably 

predicting the ICP still demands further assessment (Padayachy 2016). 

The pupil 

It has been suggested that the change of the pupillary diameter as a response to light 

stimulation is affected by medical conditions involving high ICP (Chesnut et al. 1994; Chen 
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et al. 2011, 2014). Pupillometers are devices for accurately measuring the pupillary diameter 

during light stimulation (Larson & Muhiudeen 1995; Du et al. 2005; Meeker et al. 2005; 

Chen et al. 2011, 2014; John 2015; Couret et al. 2016). After the light stimulus, the pupillary 

diameter has been reported to decrease around 34% in normal people, 20% in head trauma 

patients (indicating high ICP), and 10% in patients with an ICP higher than 20 mmHg (Taylor 

et al. 2003). Thus, a reduction in the pupillary reactivity to light is associated to increased 

ICP values. Although the change of pupil diameter measured by a pupillometer reflects the 

ICP, some ocular and neurological conditions unrelated to ICP, as well as drugs, emotions, 

and the time of day, also influence pupillometry measurements (Fountas et al. 2006). 

The intraocular pressure 

Because of the anatomical proximity and direct communication between the eye and the 

intracranial space, several studies have been conducted to estimate the ICP by means of the 

intraocular pressure (Salman 1997; Lashutka et al. 2004). Additionally, the ease of use of 

tonometers, the devices that measure IOP, increased the interest in employing intraocular 

pressure as a quick indicator of high ICP (Lashutka et al. 2004; Padayachy 2016). Several 

studies have tested the correlation between intraocular pressure and ICP, and many of them 

conclude that intraocular pressure by itself is not an effective predictor of ICP due to its poor 

specificity and sensitivity (Sheeran et al. 2000; Lashutka et al. 2004; Sajjadi et al. 2006; Han 

et al. 2008; Spentzas et al. 2010; Golan et al. 2013; Chunyu et al. 2014; Khan et al. 2017). 

Nevertheless, intraocular pressure in conjunction with other physiological parameters such as 

blood pressure may provide better estimates of the ICP (Wang et al. 2014). 
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2.3.5. Otic 

Tympanic membrane displacement 

The ear is influenced by CSF due to the connection between the perilymph (a fluid like CSF) 

of the cochlea (the ‘hearing’ part of the inner ear) and the CSF of the posterior cranial fossa 

(part of the cranial cavity housing the cerebellum, medulla, and pons). The tympanic 

membrane is a thin and tense layer that displaces when receiving sounds, to transmit them to 

the inner ear. Tympanic membrane displacement (TMD) is transmitted through the ossicles 

(three small bones in the middle ear) to the fluid-filled cochlea. As the perilymph and CSF 

communicate through the cochlear aqueduct, changes in ICP may affect the direction and 

magnitude of TMD. 

TMD may be assessed in response to sound stimulation (acoustic reflex) (Marchbanks 1984), 

and it has been found that an inward TMD is suggestive of high ICP, while an outward TMD 

is suggestive of normal or low ICP (Reid et al. 1990). While TMD assessment appears to be 

useful for detecting raised ICP, its limited accuracy prevents it from providing a quantitative 

estimate of ICP (Gwer et al. 2013). A further limitation is that it was not possible to perform 

a valid TMD measurement in approximately 60% of patients (Shimbles et al. 2005), which 

raised doubts about the clinical value of the technique. TMD assessment is limited by poor 

intersubject reproducibility, and it is influenced by the permeability of the cochlear aqueduct, 

integrity of the tympanic membrane, and strength of the acoustic reflex (Padayachy 2016). 

Otoacoustic emissions 

Otoacoustic emissions are sounds produced by the cochlea of the inner ear in response to 

loud noises (Kemp 1978), and the otoacoustic emission characteristics (angles and 

magnitude) have been shown to vary with ICP (Avan et al. 1996; Voss et al. 2006; Olzowy et 

al. 2008). Thus, otoacoustic emissions have been considered a valuable tool for predicting 
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high ICP non-invasively (Bershad et al. 2014; Williams et al. 2016). However, several 

limitations are associated to this method: it cannot be applied on patients with sensorineural 

or conductive hearing deficits; it provides a detection of ICP changes, rather than absolute 

ICP values; and it has a large intersubject variability (Buki et al. 1996, 2009; Robba et al. 

2016). 

2.3.6. Fluid dynamics 

Magnetic resonance imaging-based elastance index 

Magnetic resonance imaging (MRI) can be used to calculate the change of intracranial 

volume by considering the arterial inflow and venous outflow in the brain, as well as the flow 

of CSF between the cranium and spinal compartment. These variables are then used to derive 

ICP via an elastance index, representing the ratio of pressure to volume change (Marmarou et 

al. 1975; Alperin et al. 2000, 2005; Raksin et al. 2003). Using a motion-sensitive technique, 

the flow during the cardiac cycle is calculated by multiplying the blood velocity by the cross-

sectional areas of blood vessels obtained from static MRI scans (Popovic et al. 2009). Alperin 

et al. (2000) demonstrated a strong correlation between the MRI derived elastance index and 

invasively measured ICP. These results, however, were found to have poor repeatability in a 

subsequent study, due to technical errors in measurement and intra-individual variation, with 

the authors suggesting caution when interpreting individual measurements (Marshal et al. 

2008). In another study, Glick et al. (2006) found that a normal ICP value derived from MRI 

in patients with hydrocephalus is a strong predictor of a good clinical outcome without the 

need of surgical intervention. In children with hydrocephalus, dynamic MRI correlated well 

with shunt valve opening pressure and symptom resolution (Muehlmann et al. 2013). MRI 

seems a promising technique that could potentially detect chronic disorders associated with 

increased ICP values. However, the method is expensive, cumbersome, and impractical for 

continuous monitoring of ICP (Padayachy 2016; Zhang et al. 2017). 



38 

Near infrared spectroscopy 

Near infrared spectroscopy (NIRS), a technique based on the interaction between matter and 

near-infrared electromagnetic radiation, can be used to provide a continuous estimation of 

cerebral blood volume and flow by recording the concentration of deoxygenated and 

oxygenated haemoglobin in the cerebral blood. A decrease in cerebral oxygenation would 

imply a reduced cerebral blood flow and velocity, suggesting an increased ICP (Weerakkody 

et al. 2010; Zweifel et al. 2010). A strong relationship, which seems to change during peaks 

of ICP, between NIRS parameters and ICP has been found (Weerakkody et al. 2010, 2012). 

On the other hand, Davies et al. (2015) indicated that there is insufficient evidence to affirm 

that NIRS can detect significant changes in ICP as accurately as any invasive monitoring 

modality. In addition, the method is limited by NIRS equipment availability, it involves 

several hours of patient monitoring to obtain the required parameters, and it can only be 

reliably measured in about 50% of recordings (Zweifel et al. 2010). Future clinical tests are 

needed to validate the sensitivity of this method for detecting or predicting changes in ICP. 

Nonetheless, NIRS technology is developing and improving rapidly, being integrated with 

other imaging applications to obtain better results (Zhang et al. 2017; Khan et al. 2017). 

2.3.7. Electrophysiologic 

Electroencephalogram 

Gradual increase of ICP will lead to a reduction in the cerebral blood flow, causing a shortage 

in the oxygen and glucose needed for cellular metabolism (to keep tissue alive). When this 

occurs, the patient experiences different levels of loss in consciousness (Balestreri et al. 

2006). Electroencephalogram (EEG) power spectrum is a non-invasive technique involving 

signal analysis to monitor the electrical activity of the brain (Otto 2008; Czigler et al. 2008). 

Since this technique has been used to assess the level of consciousness and the depth of 

anaesthesia (Drummond et al. 2000), the estimation of ICP from EEG power spectrum has 
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also been proposed for detecting very high ICP. Chen et al. (2012) found a significant 

negative correlation between the intracranial pressure index (an index derived from EEG 

power spectrum analysis) and the ICP, suggesting that the analysis of specific parameters 

from EEG power spectrum may reflect the ICP. The existence of wireless, portable, and field 

deployable EEG systems encourages the application of this technique; however, its clinical 

utility still depends on validation through further research (Chen et al. 2012; Padayachy 

2016). It is also unlikely to be sensitive to changes in the lower range of ICP. 

Visual-evoked potential 

Visual-evoked potentials (VEPs) are measurements of the electrical activity recorded at the 

scalp over the occipital cortex (visual processing centre of the brain) in response to light 

stimuli. They are used to detect electrical alterations of the visual pathways from the retina 

through the optic nerves up to the occipital cerebral cortex. Any disorder affecting the 

physiological function of visual pathways, including elevated ICP, can theoretically be 

detected as VEP alterations. VEPs are recorded with EEG electrodes while the patient is 

visually stimulated with flashing lights. The ICP is then estimated from elements of the 

recorded VEP waveform (York et al. 1981; Wu & Ji 2007). Several authors found good 

correlations between VEPs and ICP in both adults (Zhao et al. 2005) and children (York et al. 

1981), suggesting that the VEP-based method can detect ICP with accuracy, safety, and ease. 

Despite the optimistic results, the method has also shown a wide inter- and intra-subject 

variability in the VEP waveform of healthy subjects. This variability may make the technique 

less reliable as a predictor of ICP (Andersson et al. 2012; Robba et al. 2016). 

Ocular vestibular evoked myogenic potentials 

Ocular vestibular evoked myogenic potentials (oVEMPs) are measurements of the electrical 

activity recorded at the inferior oblique muscle (near the anterior margin of the floor of the 

eyeball) in response to vestibular stimulation. It is used to assess the vestibular system (part 
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of the labyrinth of the inner ear), which provides the sense of balance. The vestibular 

stimulation used to generate electrical activity of extraocular muscles is recorded from the 

contralateral eye using surface electrodes. Jerin et al. (2015) found that increasing ICP 

systematically alters oVEMPs in terms of absolute amplitudes and frequency tuning 

characteristics. Thus, oVEMPs may have potential for non-invasive ICP monitoring; 

however, substantial research is still needed to evaluate the technique (Padayachy 2016). 

2.3.8. Morphology of intracranial structures 

The morphology of several elements in the intracranial space has been considered to predict 

elevated ICP: the midline shift (a shift of the brain past its centre line); the size of sulci (folds 

in the cerebral cortex); the morphology of cisterns (regions of the subarachnoid space where 

CSF accumulates, Eisenberg et al. 1990) and ventricles (cavities in the brain where CSF is 

produced, Eide 2003); the size of intracerebral hematoma (accumulated blood); and the 

presence of contusions or subarachnoidal blood. However, none of these findings has 

demonstrated sufficient reliability to assess increased ICP, and the discussion regarding 

which of the morphological parameters correlates best with raised ICP is still ongoing (Hiler 

et al. 2006; Robba et al. 2016; Rosenberg et al. 2011). 

Computed Tomography (CT) scan has been the most widely used imaging technique for 

assessing the morphology of intracranial elements in patients with raised ICP, and its benefit 

in the context of traumatic brain injury has been broadly investigated (Toutant et al. 1984; 

Eisenberg et al. 1990; Hiler et al. 2006). Although CT scans are still a valuable diagnostic 

complement (when used alone, its low specificity is a major limitation) in the acute diagnosis 

of elevated ICP, a normal CT does not rule out a high ICP. Additionally, the patient must be 

exposed to radiation when subjected to a CT scan. Thus, the radiation effect over the lifetime 

of the patient must be considered, especially in children as the brain is still developing (Krille 
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et al. 2012; Pauwels & Bourguignon 2012). MRI could be safer and more reliable than CT, 

but its limited availability and long imaging time prevent its widespread use and like CT is 

not useful for continuous monitoring of ICP (Robba et al. 2016). 

 

Despite several non-invasive methods for ICP monitoring have been developed, as described 

in previous sections, none of them is accurate enough for clinical use, most of them estimate 

mean ICP alone, they cannot provide continuous monitoring, or they are expensive and 

impractical. Thus, the focus of this study is to generate knowledge useful for estimating ICP 

from cardiovascular signals, a promising method with potential for continuous monitoring of 

the full ICP waveform while being inexpensive and easy to use. 
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Chapter 3: Methods 

The study aimed to investigate the relationship between cardiovascular signals and mean and 

pulse ICP as well as the ICP waveform itself. Whilst it is aimed for the information to be 

used in human studies, animal studies were used due to the ability to control and manipulate 

both ICP through normal to pathologically high levels whilst also controlling and 

manipulating cardiovascular variables. Such studies are ethically impossible to perform in 

humans. The animal studies allowed measurement under controlled conditions across a wide 

physiological range of pressure, HR, and ICP levels to investigate the robustness of the 

relationship between cardiovascular signals and ICP. 

3.1. Data acquisition 

Data come from rat experiments (Figure 8) conducted to facilitate the identification of 

possible relationships between ICP and cardiovascular parameters (HR, aBP, and cBF). All 

the animal procedures were approved by the Macquarie University Animal Ethics Committee 

(Animal Research Authority 2016/005) (Appendix A). 

Sprague-Dawley adult rats (6 females and 7 males, 12-20 weeks old) were anesthetized with 

intraperitoneal urethane (1.3 g/kg, 10% w/w solution), keeping body temperature at 

approximately 37 °C throughout the experiments using a heating mat regulated to rectal 

temperature. Rats were artificially ventilated via a tracheal tube (3 mg/kg of 2 mg/ml 

panceronium i.v. at 0.2 ml/h was used to stop involuntary breathing), with variation of tidal 

volume for a target end tidal CO2 of 4.0±0.5%. 
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Figure 8. Photography (a) and schematic (b) of the experimental setup, showing positioning of 

stereotaxic frame, heat mat, ventilator, transducers for cBF, aBP and ICP and for lines for HR pacing 

and administering of fluids. 

 

For ICP measurement, a 0.7 mm diameter hole was drilled through the skull (6 mm posterior 

to the bregma and 2.5 mm lateral of the midline, position obtained using a Kopf rodent 

stereotaxic frame coupled with an XYZ-micromanipulator) to place a 1.2 F high fidelity 

pressure sensor (Transonic Scisense) in the brain parenchyma (3-5 mm depth). A second 0.7 

mm hole was drilled in the same position on the contralateral side to place a line into the CSF 
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fluid for infusion of artificial CSF. To measure aBP, another pressure sensor was inserted into 

the descending aorta via the femoral artery. cBF was measured with a perivascular ultrasound 

probe fitted to one common carotid artery (ventral approach). HR was measured with 

electrocardiogram limb leads in the lead II position. An inhouse manufactured bipolar pacing 

electrode was introduced adjacent to the right atrium via the right jugular vein for heart 

pacing. ICP, aBP, cBF, and electrocardiogram signals were continuously recorded at 5 kHz 

using (Figure 9) a Cambridge Electronic Design 1401 data acquisition system with Spike 

software (Version 7.09). 

 

 

Figure 9. Example of physiological signals recorded during the rat experiments.  
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At the resting anaesthetized heart rate, measurements of the above signals were taken at 

ventilation rates (VRs) of 60 and 90 breaths/min. With VR returned to 90 breaths/min, 

intravenous ivabradine (2 mg/kg) was administered to lower HR, and then the heart was 

paced at 300, 350, 400, 450, and 500 bpm in a randomized order. HR pacing was triggered by 

driving an isolated pulse stimulator set to deliver a square pulse of 2 to 3 ms of amplitude 0.6 

to 1.0 V adjusted as required. At each VR and pacing rate, mean arterial blood pressure was 

raised to approximately 130 mmHg and lowered to approximately 70 mmHg with 

intravenous injections of phenylephrine and sodium nitroprusside respectively. 

In addition to these measurements at resting ICP (<10 mmHg mean ICP), ICP was raised by 

infusion of artificial CSF () at three levels: moderately high (10-15 mmHg mean ICP); high 

(15-20 mmHg mean ICP); and very high (>20 mmHg mean ICP). At each raised level of ICP 

the heart was paced at 400 and 500 bpm with blood pressure manipulation as previously 

described at each heart rate for each level of ICP. The permutations of mean ICP, VR, HR 

and mean aBP within the protocol are listed in Table I. The number of used rats could not be 

kept the same for all permutations due to technical setbacks related to intersubject variability 

(each rat was more or less susceptible to experimental treatments) and time availability for 

experimental procedures. 

 

Figure 10. Artificial CSF was infused to raise ICP. 
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Table I. Experimental permutations and the number of rats measured at each permutation. This 

number could not be kept constant due to technical setbacks related to intersubject variability (each rat 

was more or less susceptible to experimental treatments) and time availability for experimental 

procedures. 

Mean ICP VR (breaths/min) HR (bpm) 
Mean aBP 

(mmHg) 

Rats (n)  

Resting 

(<10 mmHg) 

Resting 

60 

90 

90 

90 

90 

90 

90 

Resting 

Resting 

Resting 

300 

350 

400 

450 

500 

Resting 

70, 100, 130 

70, 100, 130 

70, 100, 130 

70, 100, 130 

70, 100, 130 

70, 100, 130 

70, 100, 130 

13 

11 

11 

11 

11 

11 

11 

11 

Moderately high 

(10-15 mmHg) 

90 

90 

400 

500 

70, 100, 130 

70, 100, 130 

6 

6 

High 

(15-20 mmHg) 

90 

90 

400 

500 

70, 100, 130 

70, 100, 130 

7 

7 

Very high 

(>20 mmHg) 

90 

90 

400 

500 

70, 100, 130 

70, 100, 130 

8 

8 

 

3.2. Selection of data 

A time interval of twenty consecutive cardiac cycles of data were extracted for each rat at 

each permutation (Table I) to perform the subsequent statistical and signal processing 

analysis. The 20 cycle sets were selected making sure that the individual cycles were intact 

and free of artifacts. A length of 20 cycles was used as it was adequate for Fourier analysis, 

including enough data to resolve respiratory fluctuations, but still short enough to avoid 

substantial changes in mean aBP, the effect of the drugs used to manipulate aBP is transient. 

3.3. Stepwise mixed-model regression 

To find predictors of mean and pulse ICP, cardiovascular parameters –heart rate, mean aBP, 

minima aBP, maxima aBP, pulse aBP, mean cBF, minima cBF, maxima cBF, pulse cBF– 

were collected from the selected data at the four levels of mean ICP, a constant VR of 90 

breaths/min (available for the four levels of mean ICP), paced HRs of 400 and 500 bpm 

(available for the four levels of mean ICP), and at the three levels of mean aBP (70, 100, and 
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130 mmHg) (Table I). Thus, this data subset was used as input for a stepwise mixed-model 

regression (SMMR) analysis performed with R (version 3.5.0). The analysis is a step-by-step 

iterative construction of a regression model, in which explanatory variables are selected by a 

combination of 1) adding independent variables in the regression model if they are linearly 

correlated with the response variable (ICP), and 2) including all the independent variables 

initially and then eliminating them if they show no linear correlation with the response 

variable (ICP) (Yan & Su 2009). The stepping criteria model selection was based on the 

Akaike information criterion. 

3.4. Fourier analysis 

The Fourier Series states that any periodic and continuous function can be expressed as the 

sum of sine or cosine functions, each of which has a specific amplitude, angle and frequency 

(Equation 1; Figure 11). 

𝑓(𝑥) =
𝑎0

2
+ ∑ (𝑎𝑛 cos

2𝑛𝜋

𝑇
𝑡 + 𝑏𝑛 sin

2𝑛𝜋

𝑇
𝑡)

∞

𝑛=1

 

Equation 1 

Where: an and bn are Fourier coefficients; n = frequency component; T = period; t = time. 

The fast Fourier Transform (fft) implementation in Matlab was used to find the first six 

cosine functions with peaks in amplitude (one at the respiratory frequency, one at the cardiac 

frequency, and four at subsequent harmonics of the cardiac frequency) conforming the 

signals of ICP, aBP and cBF at all the experimental permutations shown in Table I. These 

first six frequencies were adequate to represent and reconstruct the ICP, aBP, and cBF 

signals. The aBP signals from the 13 rats at resting conditions were then reconstructed, 

attenuating the component at the cardiac frequency. This was performed to test whether the 

aBP waveform without the cardiac frequency resembles more the ICP waveform, considering 
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that during resting conditions the intracranial system may act as a pulsation absorber of the 

cardiac frequency (Kasuga et al. 1987; Zou et al. 2008; Wagshul et al. 2009, 2011; Kim et al. 

2012). 

To investigate the possible relationship between mean ICP and the waveforms of ICP, aBP, 

and cBF, the mean amplitude (from up to 11 rats subjected to four mean ICP levels, a 

ventilation rate of 90 breaths/min, two paced HRs of 400 and 500 bpm, and three mean aBP 

levels) of the six cosine functions conforming ICP, aBP and CBF signals was graphed as a 

function of mean ICP and mean aBP. Finding the cosine functions comprising the ICP, aBP, 

and cBF waveforms is also necessary to construct transfer function models, as explained next 

in Section 3.5. 

 
Figure 11. Schematic to show that a periodic and continuous function, such as an ICP signal, can be 

expressed as a sum of sine or cosine functions, which amplitudes, angles, and frequencies can be 

found with the Fourier Transform. In the example of an ICP signal, the frequency components with 

high amplitude and thus contributing significantly to the reconstructed signal are at the respiratory 

frequency (C1), at the heart rate frequency (C2), and at harmonics of the heart rate frequency (C3 – 

C4).  
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3.5. Transfer function 

In signal analysis, a transfer function is a mathematical algorithm that transforms an input 

signal into an output signal. To investigate the relationship between blood pressure and flow 

waveforms and the ICP waveform, two transfer function models were considered for this 

study: both models considered ICP as the output signal, but the first model used aBP as the 

input signal, while the second model used cBF as the input signal (Figure 12). 

 

Figure 12. Transfer function models used as systems transforming cardiovascular input signals (aBP 

or cBF) into ICP as output signal. 

 

The transfer function models are mathematical functions applied to the magnitude and phase 

of the frequencies of the input signal to obtain the magnitude and phase of the frequencies of 

the output signal. The transfer function approach has proved adequate for estimating aBP 

waveforms from brachial or radial blood pressure waveforms (Chen et al. 1997; Gao et al. 

2016). In this study, the magnitude of the transfer function was computed as the amplitude 

(average from up to 11 rats) of the six main cosine functions conforming the ICP (mmHg) 

signals (see Section 3.4) divided by the amplitude of the six main cosine functions of the aBP 

(mmHg) or cBF (mL/min) signals (Equation 2). Thus, the magnitude of the first model is 

dimensionless (mmHg/mmHg), while the amplitude of the second is in mmHg/mL/min. The 

phase of the transfer functions is computed as the mean angle (radians) of the six main cosine 
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functions of the ICP waveform minus the mean angle (radians) of the six main cosine 

functions of the aBP or cBF waveforms (Equation 3). Thus, at each frequency component, 

the magnitude of the transfer functions can be multiplied by the amplitude of a cardiovascular 

signal (aBP or cBF) to obtain an estimated ICP amplitude (Equation 4). Similarly, at each 

frequency component, the phase of the transfer functions can be added to the phase of a 

cardiovascular signal (aBP or cBF) to obtain an estimated ICP phase angle (Equation 5). 

Finally, an ICP waveform can be reconstructed by adding the cosine functions corresponding 

to each frequency component (Equation 6). 

𝑇𝐹 𝑚𝑎𝑔(𝑓𝑐) =
1

𝑛
∗ ∑ (

𝑜𝑏𝑠. 𝐼𝐶𝑃 𝑎𝑚𝑝(𝑛, 𝑓𝑐)

𝑜𝑏𝑠. 𝐶𝑉𝑆 𝑎𝑚𝑝(𝑛, 𝑓𝑐)
)

𝑛≤11

𝑛=1

 

Eq. 2 

𝑇𝐹 𝑝ℎ𝑎(𝑓𝑐) =
1

𝑛
∗ ∑ (𝑜𝑏𝑠. 𝐼𝐶𝑃 𝑝ℎ𝑎(𝑛, 𝑓𝑐) − 𝑜𝑏𝑠. 𝐶𝑉𝑆 𝑝ℎ𝑎(𝑛, 𝑓𝑐))

𝑛≤11

𝑛=1

 

Eq. 3 

𝑒𝑠𝑡. 𝐼𝐶𝑃 𝑎𝑚𝑝(𝑓𝑐) = 𝑇𝐹 𝑚𝑎𝑔(𝑓𝑐) ∗ 𝑜𝑏𝑠. 𝐶𝑉𝑆 𝑎𝑚𝑝(𝑓𝑐) 

Eq. 4 

𝑒𝑠𝑡. 𝐼𝐶𝑃 𝑝ℎ𝑎(𝑓𝑐) = 𝑇𝐹 𝑝ℎ𝑎(𝑓𝑐) + 𝑜𝑏𝑠. 𝐶𝑉𝑆 𝑝ℎ𝑎(𝑓𝑐) 

Eq. 5 

𝑒𝑠𝑡. 𝐼𝐶𝑃 𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚 = ∑ (𝑒𝑠𝑡. 𝐼𝐶𝑃 𝑎𝑚𝑝(𝑓𝑐) ∗ cos (𝑡 ∗ 2𝑝𝑖 ∗ 𝐻𝑧(𝑓𝑐) + 𝑒𝑠𝑡. 𝐼𝐶𝑃 𝑝ℎ𝑎))

𝑓𝑐=6

𝑓𝑐=1

 

Eq. 6 

Where: TF = Transfer function; mag = magnitude; amp = amplitude; pha = phase;       

Hz = frequency in Hertz; obs. = observed; est. = estimated; CVS = cardiovascular signal (aBP 

or cBF); n = rat subjects; fc = frequency component; t = time in seconds. 
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To highlight the effect of the respiration rate, the transfer function from 11 rats with normal 

ICP, resting HR and three mean aBP levels was graphed at two VRs: 60 and 90 breaths/min. 

Similarly, to highlight the effect of the HR, the transfer function from 11 rats with normal 

ICP, a VR of 90 breaths/min and three mean aBP levels was graphed at five HRs: 300, 350, 

400, 450, and 500 bpm. The transfer function models used to predict ICP waveform, from 

mean ICP, mean aBP, and waveforms of aBF of cBF were constructed considering up to 11 

rats at four mean ICP levels (<10, 10-15, 15-20, and >20 mmHg), two HRs (400 and 500 

bpm), and three levels of mean aBP (70, 100, and 130 mmHg). 

3.6. Model assessment 

A cross validation approach was used to test the ability of the transfer function models to 

reproduce the ICP waveform and to predict pulse ICP. The approach consisted in subtracting 

one rat from the model construction, and then applying the model to the subtracted rat; this 

procedure was repeated for each of the up to 11 rats at four mean ICP levels, a VR of 90 

breaths/min (VR available for the four mean ICP levels), HRs of 400 and 500 bpm (HRs 

available for the four mean ICP levels), and the three mean aBP levels (Table I). The Root 

Mean Square Error (RMSE) was computed as an index of the resemblance degree between 

the observed and predicted pulse ICP waveforms. The smaller the RMSE, the better the 

estimation of the waveform. Additionally, the pulse ICP estimated from the up to 11 rats was 

averaged and compared versus the observed values as a function of mean aBP and mean ICP. 

Then, the error between the observed and modelled pulse ICP was computed (modelled 

minus observed) as a function of mean aBP and mean ICP. 

  



52 

3.7. Statistical tests 

A mixed model analysis was performed to find significant differences in the amplitude of the 

frequency components of ICP, aBP and cBF signals, as a function of frequency, HR, mean 

aBP, and mean ICP. Similarly, the mixed model analysis was used to determine the effect of 

frequency, VR, HR, mean aBP and mean ICP on the magnitude and phase of the transfer 

functions at each frequency component. Post hoc paired t-tests were used to compare the 

differences in magnitude and phase of between levels of VR, HR, and mean ICP at each 

frequency component, with Holm or Tukey correction applied. For assessment of the transfer 

function models via cross validation, mixed model analysis was used to find: 1) significant 

differences between observed and modelled values of ICP waveform and pulse, 2) the effect 

of mean aBP, mean ICP, and HR on model performance, and 3) differences between both 

transfer function models (the one using aBP vs the one using cBF). The variables of 

frequency, VR, HR, mean aBP, and mean ICP were modelled as categorical variables. A p-

value less than 0.05 was considered statistically significant. 
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Chapter 4: Results 

4.1. Stepwise mixed-model regression 

The cardiovascular predictor variables of mean and pulse ICP considered for the SMMR 

analysis (Figure 13, Figure 14) proved minimal but significant predictive value (Table II and 

Table III). Maxima, mean and minima of aBP as well as maxima and minima of cBF had 

significant predictive value for mean ICP (p<0.001, R2=0.25) (Table II). HR (p<0.05), 

maxima and mean aBP (p<0.001), maxima (p<0.001), mean (p<0.05) and minima (p<0.01) 

cBF had some significant predictive value for pulse ICP (R2=0.35) (Table III). However, aBP 

and cBF parameters showed a slightly stronger relationship with pulse ICP (R2=0.35) than 

with mean ICP (R2=0.25). Additionally, pulse ICP was more related with aBP parameters 

(mean R2=0.1821) than with cBF parameters (mean R2=0.0075). On the other hand, 

notwithstanding very low correlation coefficients, mean ICP was more related with cBF 

parameters (mean R2=0.0081) than with aBP parameters (mean R2=0.00095). 

The parameter most related to mean ICP was mean cBF (R2=0.015) (Figure 13), while the 

parameters most related to pulse ICP were minima and mean aBP (R2=0.23) (Figure 14). An 

inversely proportional relationship was observed between pulse ICP and aBP (minima, 

maxima, mean and pulse); pulse ICP is smaller when aBP is higher. From visual inspection 

of data, it could be observed that intravenous injection of phenylephrine (used to raise aBP) 

usually caused an evident increase in mean ICP and a small reduction of pulse ICP. Similarly, 

intravenous injection of sodium nitroprusside (used to reduce aBP) usually caused a very 

marked increase in both mean and pulse ICP (Table IV). On the other hand, the intracranial 

injection of CSF (used to raise ICP) was not observed to cause any change in aBP or cBF. 
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Figure 13. Scatter graphs of cardiovascular parameters versus mean ICP, fitting a linear trendline. Data come from up to 11 rats at four mean ICP levels (>10, 

10-15, 15-20, >20 mmHg), two heartrates (400 and 500 bpm), three mean aBP levels (70, 100, 130 mmHg), and ventilated at 90 breaths/min. 
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Figure 14. Scatter graphs of cardiovascular parameters versus pulse ICP, fitting a linear trendline. Data come from up to 11 rats at four mean ICP levels (>10, 

10-15, 15-20, >20 mmHg), two heartrates (400 and 500 bpm), three mean aBP levels (70, 100, 130 mmHg), and ventilated at 90 breaths/min.  
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Table II. Predictors of mean ICP according to the stepwise mixed-model regression. The next five 

(out of nine) cardiovascular parameters showed significant predictive value of mean ICP. 

 

Table III. Predictors of pulse ICP according to the stepwise mixed-model regression. The next six 

(out of nine) cardiovascular parameters showed significant predictive value of pulse ICP. 

 

Table IV. Observed effect (occurrence percentage) on mean and pulse ICP as a consequence of 

increasing aBP (by phenylephrine injection) and decreasing aBP (by sodium nitroprusside injection). 

100% corresponds to all the times that 13 rats were injected with phenylephrine (increased aBP) or 

sodium nitroprusside (decreased aBP). 

    

Increased aBP 

(phenylephrine injection) 

Decreased aBP 

(sodium nitroprusside injection) 

 
Increased 86% 71% 

Mean ICP Decreased  3% 22% 

 
Unaltered 11%  7% 

  Increased  5% 95% 

Pulse ICP Decreased 57%  1% 

  Unaltered 38%  4% 

Predictor Slope P 

Maxima blood pressure (mmHg/mmHg)  0.33±0.05 <0.001 

Mean blood pressure (mmHg/mmHg) -0.75±0.14 <0.001 

Minima blood pressure (mmHg/mmHg)  0.41±0.11 <0.001 

Maxima blood flow (mmHg/ml/min) -0.39±0.04 <0.001 

Minima blood flow (mmHg/ml/min) -0.30±0.05 <0.001 

Predictor Slope P 

Heart rate (mmHg/bpm) 0.002±0.001 <0.05 

Maxima blood pressure (mmHg/mmHg) 0.07±0.01  <0.001 

Mean blood pressure (mmHg/mmHg) -0.12±0.01  <0.001 

Maxima blood flow (mmHg/mmHg) -0.08±0.02  <0.001 

Mean blood flow (mmHg/ml/min) -0.12±0.06 <0.05 

Minima blood flow (mmHg/ml/min) -0.04±0.02 <0.01 
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4.2. Fourier analysis 

From data of up to 11 rats at four levels of mean ICP, two HRs, one VR, and three mean aBP 

levels, the amplitude of the six main frequency components corresponding to ICP waveforms 

was found to significantly decrease as mean aBP increases (p<0.0001), being the second 

frequency component (component at the cardiac frequency) the largest component of ICP 

waveforms at any mean aBP (Figure 15). Conversely, the amplitude of the frequency 

components corresponding to aBP waveforms was found to significantly increase as mean 

aBP increases (p<0.0001), but the second frequency component conserved the biggest 

amplitude (Figure 16). Despite there was a significant effect of mean aBP on the amplitude of 

the frequency components corresponding to cBF waveforms as mean aBP increases (p<0.01), 

no obvious trend was observed, but the third frequency component was usually bigger than 

the second one at most mean aBP levels (Figure 17). In the three signals (ICP, aBP, and cBF; 

Figure 15 - Figure 17) the amplitude of the frequency components was significantly 

dependent on frequency (p<0.0001), corresponding the largest amplitudes to the second, third 

and fourth frequency components. Nevertheless, the amplitudes of the first frequency 

component (component at the breathing frequency) were relatively big, comparable to the 

amplitudes of the fourth frequency component, in ICP signals (Figure 15). 

In ICP signals, the amplitude of frequency components was significantly influenced 

(p<0.0001) by mean ICP –the larger the mean ICP, the larger the amplitude–, mainly when 

mean ICP exceeds 20 mmHg (Figure 15). In addition, there was a significant interaction 

effect between mean aBP and mean ICP (p<0.0001), meaning that the effect of mean aBP on 

the amplitude of ICP frequency components depends on the mean ICP level. In aBP signals, 

the amplitude of the frequency components was not significantly influenced by any level of 

mean ICP (Figure 16). In cBF signals, the amplitude of the frequency components was not 
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significantly influenced by mean ICP (p=0.695); however, a reduction in the amplitude of the 

frequency components may be observed when mean ICP is 10-15 mmHg (Figure 17). HR 

was found to significantly influence the waveform of aBP signals (p<0.0001), but not ICP 

(p=0.3184) or cBF (p=0.8401). Nevertheless, in cBF signals at a mean aBP of 130 mmHg, 

the second frequency component is the usually the highest at 400 bpm while the third 

frequency component is usually the highest at 500 bpm (Figure 17). 

From data of 13 rats at resting conditions, reconstructing aBP waveforms by attenuating the 

cardiac frequency (Figure 18, Figure 19) less than 25% resulted in a slightly increased 

resemblance between the aBP and ICP waveforms. However, an attenuation beyond 25% 

resulted in less resemblance between the waveform of both signals. As the attenuation of the 

cardiac frequency level increases, two peaks in the aBP waveform become more prominent, 

usually being the first one bigger than the second one; however, the number of peaks (usually 

three) observed in the ICP waveform was not achieved with this method (Figure 18) in any 

rat. 
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Figure 15. Amplitude (mean±SE), at a) 400 bpm and b) 500 bpm, of the six main frequency components of ICP signals from up to 11 rats (11 for ICP<10; six 

for ICP 10-15; seven for ICP 15-20; eight for ICP>20 mmHg) ventilated at 90 breaths/min. Frequency components found with Fourier Transform. There is a 

main effect of frequency, mean aBP, mean ICP, and interaction effect aBPxICP (p<0.0001) on the amplitude of frequency components. * = p<0.01; ** = 

p<0.001; *** = p<0.0001.  
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Figure 16. Amplitude (mean±SE), at a) 400 bpm and b) 500 bpm, of the six main frequency components of aBP signals from up to 11 rats (11 for ICP<10; 

six for ICP 10-15; seven for ICP 15-20; eight for ICP>20 mmHg) ventilated at 90 breaths/min. Frequency components found with Fourier Transform. There 

is a main effect of frequency, mean aBP, and HR (p<0.0001) on the amplitude of frequency components.  
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Figure 17. Amplitude (mean±SE), at a) 400 bpm and b) 500 bpm, of the six main frequency components of cBF signals from up to 11 rats (11 for ICP<10; 

six for ICP 10-15; seven for ICP 15-20; eight for ICP>20 mmHg) ventilated at 90 breaths/min. Frequency components found with Fourier Transform. There 

is a main effect of frequency (p<0.0001) and mean aBP (p<0.01) on the amplitude of frequency components. 
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Figure 18. Comparison of standardized waveforms from 0 to 1 of aBP and ICP signals, at different 

attenuation levels of the cardiac frequency component in aBP. Attenuations greater than 25% resulted 

in less resemblance between the waveform of aBP and ICP. The example shown corresponds to the 

anaesthetized rat F4 under resting conditions. 

4.3. Transfer function 

The transfer function analyses (Figure 20 - Figure 25) consistently showed that the magnitude 

of the transfer functions (both mean and SE) is significantly reduced as mean aBP increases 

(p<0.0001). This change in magnitude is higher from mean aBP of 70 to 100 mmHg than 

from mean aBP of 100 to 130 mmHg. The transfer function showed the highest magnitude 

values at the respiratory frequencies, but they were not consistent in the mean and had the 

highest SE, so that a trend could not be identified. Thus, data at respiratory frequency are not 
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shown in graphs (Figure 20 - Figure 25) to better visualize differences at the cardiac-related 

frequencies. From data of 11 rats at normal mean ICP, resting HR, three mean aBP levels, 

and two VRs (60 and 90 breaths/min), it was proved that VR has no significant effect on the 

shapes of the transfer function curves (p>0.54; Figure 20, Figure 21). From data of 11 rats at 

normal mean ICP, five HRs (300, 350, 400, 450 and 500 bpm), three mean aBP levels, and 

one VR (90 breaths/min), it was found a significant main effect of HR on the magnitude 

(p=0.001) and phase (p=0.008) of the transfer function; however, when compared within the 

same mean aBP levels, HR was no longer significant effect (p=0.841 and 0.77 at 70 mmHg; 

p=0.524 and 0.622 at 100 mmHg; p=0.124 and 0.934 at 130 mmHg for magnitude and phase, 

respectively) (Figure 22, Figure 23). Thus, dots to the same curves are added when different 

VRs and HRs are considered. Nevertheless, VR and HR showed a slightly greater influence 

on the magnitude of the transfer functions when mean aBP is below 100 mmHg, and on the 

phase of the transfer function that considers aBP as input (Figure 20, Figure 22). 

 

Figure 19. Root Mean Square Error comparing ICP and aBP waveforms standardized from 0 to 1, at 

different attenuation levels of the cardiac frequency component of aBP. Data come from 13 

anaesthetized rats at resting conditions. Attenuations above 25% reduces the resemblance between 

aBP and ICP waveforms. 
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Figure 20. Effect of VR on the magnitude and phase of the transfer function (mean±SE) from aBP to 

ICP, considering 11 rats at normal ICP and resting HR. Data at the respiratory frequency are not 

shown to better visualize differences at cardiac-related frequencies. There is a main effect of 

frequency (p<0.0001) and mean aBP (p<0.01) on both magnitude and phase of the transfer function; 

VR had no significant effect on magnitude (p=0.982) or phase (p=0.949). 

 

 

Figure 21. Effect of VR on the magnitude and phase of the transfer function (mean±SE) from cBF to 

ICP, considering 11 rats at normal ICP and resting HR. Data at the respiratory frequency are not 

shown to better visualize differences at cardiac-related frequencies. There is a main effect of 

frequency on both magnitude and phase (p<0.0001) of the transfer function; mean aBP had a 

significant effect on the magnitude (p<0.0001) but not on the phase (p=0.873); VR had no significant 

effect on magnitude (p=0.541) or phase (p=0.577). 
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Figure 22. Effect of HR on the magnitude and phase of the transfer function (mean±SE) from aBP to 

ICP, considering 11 rats at normal ICP and a VR of 90 breaths/min. Data at the respiratory frequency 

are not shown to better visualize differences at cardiac-related frequencies. There is a main effect of 

frequency (p<0.0001); mean aBP had a significant effect on magnitude (p<0.0001) but not on phase 

(p=0.214); HR had no significant effect on magnitude (p=0.217) or phase (p=0.128). 

 

 

Figure 23. Effect of HR on the magnitude and phase of the transfer function (mean±SE) from cBF to 

ICP, considering 11 rats at normal ICP and a VR of 90 breaths/min. Data at the respiratory frequency 

are not shown to better visualize differences at cardiac-related frequencies. There is a main effect of 

frequency (p<0.0001); mean aBP had a significant effect on magnitude (p<0.0001) and (p<0.05); HR 

had a significant main effect on magnitude (p=0.001) and phase (p=0.008), but when compared within 
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the same mean aBP levels, HR was no longer significant (p=0.841 and 0.77 at 70 mmHg; p=0.524 

and 0.622 at 100 mmHg; p=0.124 and 0.934 at 130 mmHg for magnitude and phase, respectively). 

From data of up to 11 rats at four mean ICP levels, two HRs, one VR and three mean aBP 

levels, Figure 24 and Figure 25 show the two transfer function models constructed to estimate 

the ICP waveform from aBP (Figure 24) and cBF (Figure 25) waveforms. In both models, it 

can be observed that the three mean ICP levels below 20 mmHg have similar but 

significantly different (p<0.01) magnitude curves: the magnitude of the frequency 

components raises as mean ICP increases. A prominent raise in the magnitude curve is 

observed when mean ICP exceeds 20 mmHg. The phase of the transfer functions does not 

show a clear dependence on mean ICP, but it seems to be smaller as mean ICP raises. 

In the case of the transfer function model considering aBP waveforms (Figure 24), the 

magnitude for mean ICP>20 mmHg and mean aBP<130 mmHg forms a concave-down curve 

with the maximum value at about 20 Hz. At mean aBP of 70 mmHg, the peak of the 

magnitude curve is observed at about 30 Hz. Frequency (p<0.05), Mean aBP (p<0.001), 

mean ICP (p<0.001) and the interaction aBPxICP (p<0.05) had a significant effect on the 

magnitude at 400 and 500 bpm. Only frequency significantly influenced (p<0.0001) the 

phase at 400 and 500 bpm. The magnitude curve of the transfer function considering cBF 

waveforms (Figure 25) displays a shape more consistent across mean ICP and mean aBP 

levels. The peak of the magnitude curve is found at about 7 Hz, and then it decreases as 

frequency increases. The phase curve is also more consistent across mean ICP and mean aBP 

levels for the transfer function considering cBF waveforms. The phase is initially negative, 

and it increases gradually until it fluctuates around zero at frequencies greater than 20 Hz. HR 

does not affect significantly the transfer function models. Frequency (p<0.0001), Mean aBP 

(p<0.0001), mean ICP (p<0.0001) and the interaction aBPxICP (p<0.01) had a significant 

effect on the magnitude at 400 and 500 bpm. Frequency (p<0.0001) and mean aBP (p<0.01) 
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influenced the phase at 400 bpm, while frequency (p<0.0001) and mean ICP (p<0.05) 

influenced the phase at 500 bpm. 

 

Figure 24. Magnitude and phase of the transfer function model (mean±SE) used to estimate ICP 

waveforms from aBP waveforms, considering up to 11 rats (11 for ICP<10; six for ICP 10-15; seven 

for ICP 15-20; eight for ICP>20 mmHg), with a VR of 90 breaths/min, and paced at a) 400 bpm and 

b) 500 bpm. Data at the respiratory frequency are not shown to better visualize differences at cardiac-

related frequencies. Frequency (p<0.05), mean aBP (p<0.001), mean ICP (p<0.001) and the 

interaction aBPxICP (p<0.05) had a significant effect on the magnitude at 400 and 500 bpm. Only 

frequency significantly influenced (p<0.0001) the phase at 400 and 500 bpm.  
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Figure 25. Magnitude and phase of the transfer function model (mean±SE) used to estimate ICP 

waveforms from cBF waveforms, considering up to 11 rats (11 for ICP<10; six for ICP 10-15; seven 

for ICP 15-20; eight for ICP>20 mmHg), with a VR of 90 breaths/min, and paced at a) 400 bpm and 

b) 500 bpm. Data at the respiratory frequency are not shown to better visualize differences at cardiac-

related frequencies. Frequency (p<0.0001), mean aBP (p<0.0001), mean ICP (p<0.0001) and the 

interaction aBPxICP (p<0.01) had a significant effect on the magnitude at 400 and 500 bpm. 

Frequency (p<0.0001) and mean aBP (p<0.01) influenced the phase at 400 bpm, while frequency 

(p<0.0001) and mean ICP (p<0.05) influenced the phase at 500 bpm. 
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4.4. Model assessment 

Considering up to 11 rats at four mean ICP levels, two HRs, one VR, and three mean aBP 

levels, the reconstructed ICP waveforms from aBP or cBF waveforms (e.g. Figure 26) 

showed more accuracy for mean aBP above 100 mmHg and mean ICP below 20 mmHg 

(RMSE≤0.5 mmHg) (Figure 27). For mean ICP higher than 20 mmHg, the RMSE ranged 

from 0.5 to 4 mmHg. Similarly, the SE associated to the RMSE is increased as mean aBP 

reduces. Mean ICP and mean aBP significantly influenced (p<0.0001) the model 

performance at both HRs. Although no significant differences were found between the 

estimates of both transfer function models, at mean aBP of 70 mmHg and mean ICP higher 

than 20 mmHg the observed ICP waveform is more like the ICP waveform estimated from 

aBP waveform (RMSE≈2.5±0.2 mmHg) than to the ICP waveform estimated from cBF 

waveform (RMSE≈3.5±0.6 mmHg). 

 

Figure 26. Reconstructions of ICP waveform from aBP and cBF waveforms. The example shown 

corresponds to rat M7 at resting ICP, HR of 500 bpm, mean aBP of 70 mmHg, and VR of 90 

breaths/min. The reconstructions come from the transfer function models excluding this rat. 
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Figure 27. Root Mean Square Error (mean±SE) from cross-validation of ICP waveform estimated 

with the transfer function models, considering up to 11 rats (11 for ICP<10; six for ICP 10-15; seven 

for ICP 15-20; eight for ICP>20 mmHg) with a VR of 90 breaths/min, and paced at a) 400 bpm and b) 

500 bpm. Mean ICP amd mean aBP significantly influenced (p<0.0001) the model performance at 

both HRs; no significant differences were found between the estimates of both transfer function 

models. 

 

Observed pulse ICP was also very similar to the pulse ICP estimated with the two transfer 

function models (Figure 28); however, this similarity is reduced as mean aBP reduces and 

mean ICP increases. Mean ICP and mean aBP significantly influenced (p<0.0001) the model 

performance at both HRs. Although no significant differences were found between the 

observed and the estimated values, at mean aBP of 70 mmHg and mean ICP>20 mmHg, aBP 

model seems better (estimated pulse ICP≈6±0.2 mmHg) than cBF model (estimated pulse 

ICP≈9±2 mmHg), which apparently overestimates the observed pulse ICP (6±0.4 mmHg). A 
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closer view of the error between the observed and modelled pulse ICP (Figure 29) showed 

that only mean aBP has a significant effect (p<0.05) on the error at 500 bpm (the larger the 

mean aBP, the smaller the error), and that the estimates from both models are not 

significantly different. Although the differences are not significant, cBF model seems to 

overestimate pulse ICP at mean aBP lower than 100 mmHg, while the error from aBP model 

is generally closer to zero. A larger but not significant error may be observed at mean ICP 

above 20 mmHg. 

 

 

Figure 28. Comparisons between observed and modelled pulse ICP (mean±SE) from cross-validation 

technique, considering up to 11 rats (11 for ICP<10; six for ICP 10-15; seven for ICP 15-20; eight for 

ICP>20 mmHg) with a VR of 90 breaths/min, and paced at a) 400 bpm and b) 500 bpm. Mean ICP 

and mean aBP significantly influenced (p<0.0001) the model performance at both HRs; no significant 

differences were found between the observed and the estimated values. 
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Figure 29. Error (mean±SE) between modelled and observed pulse ICP, from cross-validation of the 

transfer function models, considering up to 11 rats (11 for ICP<10; six for ICP 10-15; seven for ICP 

15-20; eight for ICP>20 mmHg) with a VR of 90 breaths/min, and paced at a) 400 bpm and b) 500 

bpm. Only mean aBP showed a significant effect (p<0.05) on the error at 500 bpm. 
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Chapter 5: Discussion 

5.1. Intracranial pressure magnitude (mean and pulse) 

The SMMR analysis showed minimal but significant value of cardiovascular parameters to 

predict ICP magnitude. Thus, the response observed in cardiovascular signals as a 

consequence of raised ICP below 50 mmHg could be due to 1) reflected waves from ICP 

shaping aBP or cBF waveforms –it is known that central aBP waveform is affected by wave 

reflection from peripheral body (O’Rourke & Yaginuma 1984; Nichols et al. 2008)– and 2) a 

neural response to raised ICP potentially shaping aBP or cBF waveforms before the Cushing 

reflex –sympathetic activity has been linked to raised ICP below 39 mmHg (Schmidt et al. 

2018)– (Figure 30). Nevertheless, further research is needed to accept or reject these two 

possibilities. 

More specifically, the SMMR analysis showed a higher predictive value for pulse ICP than 

for mean ICP. The correlation between mean ICP and cardiovascular signals is not 

straightforward largely because of cerebral autoregulation, which is responsible for 

maintaining a constant cerebral blood inflow despite changes in mean ICP and arterial 

pressure (Lang et al. 2002; van Beek et al. 2008); thus, ICP pulsatility, rather than mean ICP, 

may be more related to cardiovascular signals. While aBP parameters were slightly more 

related to pulse ICP, cBF parameters were more related to mean ICP, indicating that mean 

ICP may be more influenced by the amount of blood flow entering the brain than by the force 

(pressure) causing blood flow. It was observed that the lower the mean aBP, the higher the 

pulse ICP: lowering aBP (i.v. injection of sodium nitroprusside) caused a very marked 

increase in both mean and pulse ICP, while raising mean aBP caused a less marked effect. 
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Therefore, ICP pulsatility could be more affected by loosening, rather than stiffening, of 

arterial vessels. 

The lack of a strong physiological response manifested in cardiovascular parameters as a 

consequence of raised mean ICP below 50 mmHg could be explained by the absence of 

baroreceptors –natural “blood pressure sensors” in the aortic arch, carotid sinus, and afferent 

arterioles of kidneys (Koeppen and Stanton 2013)– in the intracranial space. Thus, the 

Cushing reflex occurs at terminal phases of acute ICP when cerebral ischemic death is 

imminent (Kalmar et al. 2005; Wan et al. 2008). Since the correlation between mean ICP and 

cardiovascular parameters was rather small and no dependency of cardiovascular signals on 

mean ICP was observed from visual inspection of raw data, the estimation of mean ICP was 

not conducted as part of the Master of Research project. Additionally, previous research has 

been primarily focused on non-invasive estimates of mean ICP (Khan et al. 2017; Zhang et 

al. 2017), lagging the research on non-invasive estimates of ICP waveform. 

 

Figure 30. This study suggests that information from cardiovascular signals is transmitted to ICP, but 

considerably less information is transmitted from ICP to cardiovascular signals. This information 

(ICP→cardiovascular signals), despite minimal, may come from 1) reflected waves from ICP shaping 

the waveforms of aBP or cBF, and 2) a neural response to raised ICP before the Cushing reflex. 
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5.2. Intracranial pressure waveform 

The magnitude of the frequency components in ICP signals is gradually raised as mean ICP 

increases (i.e. the higher the mean ICP, the higher the pulse ICP), showing a larger rise when 

mean ICP exceeds 20 mmHg. Additionally, there is an interaction effect aBPxICP on the 

magnitude of the frequency components (Figure 15). This means that a specific waveform 

and pulse may correspond to a specific range of mean ICP, with greater differences between 

the waveform and pulse of mean ICP above 20 mmHg. The directly proportional relationship 

between pulse ICP and mean ICP agrees with previous studies (Oswal & Toma 2017); 

however, this relationship may not be linear since pulse ICP changes more steeply when 

mean ICP exceeds 20 mmHg (Figure 31). 

 

Figure 31. Observed mean ICP versus observed pulse ICP. The rate of change associated with pulse 

ICP is five times higher for mean ICP above 20 mmHg (purple line) than for mean ICP below 20 

mmHg (yellow line). Thus, the quadratic model (red line) has a better fit than the linear model (blue 

line). Data come from 11 rats ventilated at 90 breaths/min, paced at 400 and 500 bpm, and subjected 

to several levels of mean ICP (<10, 10-15, 15-20, >20 mmHg) and mean aBP (70, 100, 130 mmHg). 
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Unlike ICP, aBP did not show a substantial change in the magnitude of frequency 

components as a function of mean ICP (Figure 16), this suggests that aBP waveforms are not 

modified by mean ICP at the studied range of mean ICP. The magnitudes of frequency 

components in cBF showed a significant bur less strong dependence on mean ICP (Figure 

17); being the second (cardiac frequency) and the third (first harmonic of cardiac frequency) 

frequency components reduced for mean ICP of 10-15 mmHg. Although the reduction was 

not significant, there the possibility that a particular cBF waveform, with lower pulse 

amplitude, occurs when mean ICP is 10-15 mmHg; further research with a larger sample size 

is needed. 

Attenuation below 25% of the cardiac frequency in aBP signals resulted in slightly more 

resemblance between ICP and aBP waveforms at resting conditions (Figure 19). This is 

consistent with previous research suggesting that the intracranial space filters arterial 

pulsatility around the cardiac frequency (Kasuga et al. 1987; Zou et al. 2008; Wagshul et al. 

2009, 2011; Kim et al. 2012). The theory is that this feature may protect cerebral 

microvessels from mechanical damage by reducing the transmission of the pulse to those 

vessels. However, an attenuation higher than 25% diminished the resemblance between the 

waveforms. This indicates that, despite the intracranial space dampening some of the arterial 

pulsatility, subtracting the cardiac frequency of aBP waveforms may be an over simplistic 

approach to approximate ICP waveforms. Additionally, this approach cannot be used directly 

to estimate pulse ICP as it provides estimation of the waveform shape, but not the calibration 

of that ICP waveform. 

HR and VR showed no significant effect on the magnitude and phase of the transfer functions 

other than adding further data to the same curves: the system compliance is not changed, but 

different sections of the curve are being sampled by modifying the HR (Figure 20 - Figure 
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23). This implies that transfer function models can be applied to any subject regardless of the 

individual HR or respiration rate. On the other hand, changing the cardiac frequency changes 

the period or duration of the cardiac pulses in ICP, aBP and cBF signals (the higher the HR, 

the shorter the individual pulse), and it may change the waveforms as well. For example, the 

magnitude of the transfer function considering cBF at the cardiac frequency is higher for HR 

paced at 300 bpm than for HR paced at 500 bpm (Figure 23); this implies that, in this case, 

the pulse of ICP and/or cBF was altered by HR. Analysis of the amplitude of the frequency 

components in the signals showed that exclusively aBP waveforms are significantly altered 

by HR, which is consistent with previous studies (Wilkinson et al. 2002; Tan et al. 2012). On 

the other hand, VR is not likely to change the period, pulse, or waveform of ICP, aBP, and 

cBF signals because the wave at the respiratory frequency is in a higher temporal scale, just 

“carrying” the individual cardiac pulses. 

A reduction in the magnitude of the transfer functions (ratio ICP/aBP or ICP/cBF) implies a 

reduction of magnitude in the frequency components of ICP with respect to those of aBP or 

cBF. Thus, the smaller the transfer function magnitude, the more dampening of ICP 

frequency components. Both transfer function models (Figure 24, Figure 25) may suggest 

that as mean ICP increases, there is a significant reduction in the ability of the intracranial 

space to dampen arterial pressure pulsatility. This ability is more sharply reduced when mean 

ICP reaches 20 mmHg; 20 mmHg may be the threshold from which the intracranial space can 

no longer maintain intracranial pulsatility within a healthy range. Consistently, other studies 

and the clinical practice have considered 20 mmHg as the upper limit for normal mean ICP 

(Dunn 2002; Roytowski & Figaji 2013). 

An inverse relationship was observed between mean aBP and the magnitude of the transfer 

function models (Figure 24, Figure 25). This magnitude reduction is due to both the reduction 

in ICP pulsatility (Figure 15) and the increase of aBP pulsatility (Figure 16) as mean aBP 
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raises. The transfer function model considering aBP waveforms (Figure 24) indicates that 

ICP frequency components are less dampened at frequencies around 20 Hz for mean aBP of 

70 and 100 mmHg. For aBP of 130 mmHg, the least dampening occurs at frequencies around 

35 Hz. Like previous research (Kasuga et al. 1987; Zou et al. 2008; Wagshul et al. 2009, 

2011; Kim et al. 2012), this study shows dampening of the ICP waveform (with respect to 

aBP waveform) at the main cardiac frequency (6.5-8.5 Hz). However, at mean aBP of 70 and 

100 mmHg, a higher dampening was found at frequency components above 30 Hz; previous 

studies did not consider frequencies higher than 30 Hz. The transfer function model 

considering cBF waveforms (Figure 25) shows the general trend that magnitude of frequency 

components is reduced as frequency increases, suggesting that ICP pulsatility is attenuated as 

a function of frequency. This pulsatility dampening, as previously suggested (Kasuga et al. 

1987; Zou et al. 2008; Wagshul et al. 2009, 2011; Kim et al. 2012), may be a mechanism to 

prevent damage of thin cerebral capillaries potentially caused by the pulsatile force of the 

heartbeat. 

The phase of the transfer function model considering aBP (Figure 24) was exclusively 

affected by frequency, but no clear trend could be identified; this may be due to noise or 

actual intersubject variability. On the other hand, the phase of the transfer function model 

considering cBF is more consistent, and it was significantly correlated with frequency, mean 

aBP (for HR=400 bpm), and mean ICP (for HR=500 bpm) (Figure 25). An increasing trend 

from negative values up to values around zero could be identified. Negative values indicate 

that the phase of cBF frequency components is greater than the phase of ICP frequency 

components and, consequently, that the ICP wave at that frequency occurs after the cBF 

wave. That the cardiac cycle observed in cBF waveforms occurs before the cardiac cycle 

observed in ICP waveforms (Figure 25) matches the notion that ICP pulsatility has an arterial 

origin (Cardoso et al. 1988; Wagshul et al. 2009, 2011). However, in some cases ICP waves 
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seem to occur before aBP or cBF waves (e.g. positive phase at the cardiac frequency of the 

transfer function from aBP to ICP; Figure 24), this phenomenon has also been reported in 

previous studies (Zou et al. 2008), and a possible explanation is that the observed ICP cycle 

is not caused by the nearest aBP or cBF cycle but by the previous one, respecting the idea 

that aBP or cBF pulsatility occurs before ICP pulsatility. It was also observed that the larger 

the mean ICP, the larger the absolute value of phase of the transfer function from cBF to ICP 

(mainly at the cardiac frequency) (Figure 25). This means an increasing time lag of the ICP 

waveform with respect to the aBP waveforms as mean ICP increases. 

Evensen et al. (2018) used a transfer function approach to estimate the ICP waveform from 

arterial blood pressure in hydrocephalus patients with normal ICP, concluding that the 

approach is not reliable for use in clinical practice. However, their transfer function model 

was constructed from a single subject at resting conditions. The transfer function models in 

this study (Figure 24, Figure 25) are more comprehensive by coming from several subjects 

(up to 11 rats), not only one, and by considering several levels of mean ICP, mean aBP, HR 

and VR (different states of the system). This consideration of different states of the system, 

coupled with the fact that mean ICP (model input) correlates with pulse ICP (Figure 31), 

enhances the potential of transfer function models to predict the ICP waveform from aBP or 

cBF waveforms. 

5.3. Model assessment 

By knowing the mean ICP value (from invasive measurement), it was possible to use transfer 

function models to estimate the pulse and waveform of ICP because: 1) the models consider 

different mean ICP levels and 2) there is a strong relationship between mean and pulse ICP 

(Figure 31). These estimations of ICP, both pulse and waveform, where more accurate and 

consistent (smaller SE) for mean aBP above 100 mmHg (Figure 27-Figure 29). A possible 
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explanation is that the system becomes stiffer as mean aBP raises (blood vessels are 

constricted), thus reducing the magnitude and variability of pulsations. Similarly, the 

estimations were more accurate and consistent for mean ICP below 20 mmHg. This may be 

due to the fact that the upper limit of the category mean ICP>20 mmHg was not strictly 

limited, 49 mmHg being at the highest value; the other mean ICP categories comprise an 

interval of only 5 mmHg. Additionally, this reduced ability to estimate ICP pulse and 

waveform at mean ICP>20 mmHg could be due to intersubject variability; some individuals 

may be more resilient to raised ICP. Despite the transfer function model considering cBF 

showed slightly more overestimation of pulse ICP at mean aBP of 70 mmHg (Figure 29), the 

performance of both transfer function models (the one considering aBP waveforms and the 

one considering cBF waveforms) was statistically equal. This was expected since blood flow 

is a consequence of blood pressure. 

The transfer function model in Evensen et al. (2018) used to estimate pulse ICP from aBP 

waveform at normal mean ICP proved an error of 1.6±1.0 mmHg. The transfer function 

models in this study showed an error below 1±1.0 mmHg for mean ICP<10 mmHg (Figure 

29), proving accuracy improvement. The RMSE associated to ICP waveform estimation is 

relatively small (Figure 27); however, the correct number and position of peaks observed in 

ICP waveforms were not usually reproduced by the models. Thus, estimations of pulse ICP 

may be more readily achievable whereas full characterisation of the ICP waveform may 

require further inputs. These inputs could come in the form of non-invasive intracranial 

signals that were not able to be measured in the rodent model due to size limitations, such as 

transcranial Doppler assessment of intracranial arterial vessel flow. 
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5.4. Limitations and potential solutions  

Despite the benefits of rodents as animal models of human physiology, the circulatory system 

of humans and rats is not an exact match (e.g. differences in size, architecture, and HR). 

Thus, the generalization of findings to human physiology must be taken with caution. Once a 

sufficiently robust transfer function model is developed to estimate ICP in rats, new studies in 

humans should be carried out, as far as ethically possible, to validate its applicability in 

humans. 

The rat experiments developed for this project consider several levels of mean aBP. 

However, the drugs used to lower (sodium nitroprusside) or raise (phenylephrine) mean aBP 

act by expanding or constricting blood vessel, including cerebral vessels. Thus, there is 

uncertainty whether the ICP alterations observed after drug injections were due to changes in 

the systemic blood pressure alone or also direct drug effects on vascular smooth muscle, 

changing cerebral arterial vessel diameters. Whilst the effect of sodium nitroprusside and 

phenylephrine in the infusion rates used has been shown to have minimal effect on large 

artery stiffness in the rat (Butlin et al. 2015), similar studies have not yet been carried out for 

intracranial vessels. 

Since the relationships between ICP and cardiovascular signals do not match exactly with 

linear models, the conclusions derived from the stepwise mixed-model regression analysis are 

not definitive. The use of more robust, nonlinear techniques should be considered to 

corroborate the current conclusions. Mean ICP was not estimated because of minimal 

predictive potential shown in multiple linear regression model, consequently, the estimation 

of ICP waveform and pulse from the transfer function models required the invasive 

measurement of mean ICP. However, mean ICP could be provided from other promising 

non-invasive methods estimating mean ICP such as measurement of optic nerve sheath 
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diameter, pupillometry, and intraocular pressure (Section 2.3.4. Ophthalmic). Complementing 

non-invasive methods good at estimating the ICP waveform (e.g. cardiovascular signals) with 

methods good at estimating mean ICP may be key for better non-invasive estimation of ICP. 

The Fourier transform is applicable for periodic time series; however, ICP and cardiovascular 

signals may not always show a well-defined periodic behavior, hindering their reconstruction 

via Fourier transform. This could have a detrimental effect on the accuracy of transfer 

function models. This theoretical limitation can be addressed by considering each cardiac 

cycle in isolation and conducting analysis on that cardiac period assuming infinite repeat of 

the waveform (for the purposes of analysis). Wavelets is another mathematical transform, 

which has shown accuracy for signal reconstruction and does not depend on the theoretical 

assumption of infinite periodicity. Wavelet transforms may be an alternative to the Fourier 

Transform. The two mathematical approaches, despite having different assumptions and 

working in different domains (frequency and time), generally arrive at the same conclusion. 

However, the wavelet method may provide more rapid processing of data. 

Despite the inter-subject variability reflected in the transfer functions was small (consistency 

in the mean value and small SE, particularly at mean aBP>70 mmHg and mean ICP<20 

mmHg) (Figure 24, Figure 25), the use of generalized transfer functions (average from 

several individuals) may be overlooking intrasubject variability, explaining why the 

estimated waveforms were not always reproducing the number of peaks observed in invasive 

ICP waveforms. In other words, the transfer function models consider that two subjects with 

the same mean aBP, mean ICP, and HR will have the same ICP waveform, which does not 

necessarily have to be true. Thus, more inputs such as jugular flow and pressure, blood flow 

in cerebral arteries, CSF flow, body weight, age, and sex could be used to consider individual 

specificity in transfer function models. 
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5.5. Project significance 

This research is the first of its kind based on comprehensive experiments with an animal 

model, Sprague-Dawley rat, considering wide but still physiological ranges of ICP, aBP, HR, 

and VR. Therefore, the transfer function models are more complex than those in previous 

studies, showing that estimation of ICP waveform from cardiovascular signals is possible, 

and that it could still be improved by adding more inputs into the models. Additionally, the 

new experimental information provided is highly valuable in the sense that it could not be 

derived from human experimentation due to ethical restrictions. The findings presented here 

contribute to shortening the accuracy gap between invasive and non-invasive ICP monitoring. 

Although non-invasive modalities are not yet a substitute of invasive monitoring, they could 

help to decide whether invasive monitoring is necessary or not, and they could provide ICP 

estimates when invasive techniques are unavailable or contraindicated. 

5.6. Future work 

Estimating mean ICP from cardiovascular signals and adding the estimation into transfer 

function models constitute a next step to investigate. The multiple mixed-model showed 

minimal predictive value of mean ICP. However, if this predictive value is sufficient to 

differentiate between mean ICP above or below 20 mmHg, the estimations of ICP pulse and 

waveform could retain their degree of accuracy because the transfer function curves are very 

similar when mean ICP is below 20 mmHg. The effect of other categories of mean ICP above 

20 mmHg (e.g. 20-25, 25-30, 30-35) should also be evaluated. Analyzing data at larger 

timescales (e.g. minute-timescale) could reveal more information between the relationships of 

ICP and cardiovascular signals. Additionally, the use of more comprehensive signal 

decomposition techniques, e.g. wavelets, could be considered instead of the Fourier 

Transform. 
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Considering more inputs into the models constitutes a priority. One input could be the venous 

component (e.g. jugular blood pressure and flow) (Figure 32), which is known to shape the 

dicrotic wave (P3) of normal ICP waveform (Fan et al. 2008), and the entire waveform when 

there is impairment of cerebral autoregulation or acute venous hypertension (Dereymaeker et 

al. 1971; Pettorossi et al. 1978). Analyzing the differences between venous waveforms and 

arterial waveforms could be explored as an approach analogous to the wave propagation 

method described in Section 2.3.3., with the difference that it would not be required to induce 

artificial waves. Blood flow in cerebral arteries, CSF flow, body weight, age and sex could 

also be considered. More rat experiments will be performed to achieve this task. Finally, 

similar transfer function models should be constructed from available human data, assessing 

their accuracy for potential clinical use. 

 

Figure 32. Analyzing the differences between venous waveforms and arterial waveforms is proposed 

as an approach for future studies aiming to estimate ICP from cardiovascular signals. This approach 

would be analogous to the wave propagation method described in Section 2.3.3., with the difference 

that it would not be required to induce artificial waves. 
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Chapter 6: Conclusion 

The pressure inside the skull (ICP) is the sum of pressures exerted by the intracranial 

components (i.e. brain, blood, and CSF). Since the skull is a rigid compartment, to maintain a 

constant intracranial volume, a rise in volume of an intracranial component (e.g. blood) 

should match a reduction in volume of at least one other intracranial component (e.g. CSF). If 

the intracranial elements strive to match the rise of an intracranial element, the tendency 

towards the increase of intracranial volume (matter being pushed harder towards the 

intracranial space) is reflected as a rise in ICP. Cerebral autoregulation (active dilation or 

constriction of cerebral vessels) is responsible for maintaining a relatively constant cerebral 

blood inflow across a variable but limited range of CPP (mean arterial blood pressure – mean 

ICP). Since raised ICP may lead to severe health complications such as reduced cerebral 

blood inflow, brain herniation and death, monitoring ICP is vital during the management of 

neurological patients. 

The most accurate way to measure ICP is via an intraventricular pressure sensor; however, 

this is an invasive procedure not always available and associated to risks. To avoid potential 

drawbacks, several non-invasive techniques have been proposed, but so far none of them has 

demonstrated enough ease of use and accuracy to reliably predict ICP during clinical 

monitoring. Estimating ICP from cardiovascular signals, such as arterial pressure and flow, 

constitutes a particularly attractive method because they are easy and inexpensive to obtain, 

their continuous monitoring would favor real-time estimation of the whole ICP waveform, 

and their potential to generate more accurate estimates is still high. 
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The present research investigated the adequacy of using cardiovascular signals –heart rate 

(HR), aortic blood pressure (aBP) and carotid blood flow (cBF)– as inputs for transfer 

function models to estimate ICP magnitude (pulse and mean) and waveform as an alternative 

means to invasive ICP measurement. To do so, comprehensive animal experiments involving 

manipulations of ICP (sequentially raised from resting ICP to 30-40 mmHg with infusions of 

artificial intracranial fluid), aBP (lowered with sodium nitroprusside and raised with 

phenylephrine, 30 μg/kg/min, across a physiological range), HR (paced at 400 and 500 bpm), 

and breathing rate (artificial ventilation at 60 and 90 breaths/min) were performed in 11 

anaesthetised Sprague Dawley rats. Data were analyzed via linear regression models and 

signal analysis techniques, and the main findings are summarized below: 

• Manipulations of cardiovascular signals produced an evident effect on ICP magnitude 

(mean and pulse), while increasing mean ICP had minimal effect on cardiovascular 

signals. Thus, SMMR analysis showed that cardiovascular parameters have minimal 

but significant predictive value of ICP magnitude, mainly pulse ICP. 

• As mean aBP increases due to vasoconstriction, ICP pulsatility decreases, aBP 

pulsatility increases, and cBF pulsatility slightly decreases. 

• HR influences the amplitude of aBP, but not the amplitude of cBF or ICP waveforms. 

Mean ICP influences ICP waveforms, but not aBP or cBF waveforms. 

• Attenuating the cardiac frequency of aBP waveforms did not provide accurate 

estimates of ICP waveforms. 

• Neither the VR nor the HR showed a significant effect on the transfer function 

models, indicating that the models can be applied to any subject regardless the 

individual VR or HR. 

• The magnitude of the transfer function models was similar for the three categories of 

mean ICP below 20 mmHg, but considerably higher for mean ICP>20 mmHg. 
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• As mean aBP increases due to vasoconstriction, the magnitude of the transfer function 

models is reduced (ICP pulsatility is dampened in relation to aBP and cBF pulsatility). 

• The phase of the transfer function model considering cBF depends on mean ICP: the 

larger the mean ICP, the larger the absolute value of the phase (larger lag of ICP 

waveforms in relation to cBP waveforms). 

• The transfer function models showed the same potential to reproduce ICP waveforms 

(Root Mean Square Error (RMSE)≤4 mmHg), being more accurate as mean aBP 

increases and for mean ICP below 20 mmHg (RMSE≤0.5 mmHg). 

• The transfer function models provided good estimates of pulse ICP, particularly for 

mean ICP below 10 mmHg (Error=1±1.0 mmHg), proving accuracy improvement in 

relation to previous studies (e.g. Evensen et al. 2018). 

• Systemic cardiovascular measures have predictive value in estimating the ICP 

magnitude and waveform, but other inputs may be necessary to improve accuracy in 

estimating ICP across the full physiological range. 
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