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Chapter 1. Introduction 

Almost two centuries ago, the discovery that our brains and spines are immersed in a 

protective cerebrospinal fluid (CSF) shield was revolutionary. It marked the inception of 

modern neurocritical care. In the ensuing years, this discovery diversified into numerous new 

neurological research fields and shaped the development of modern neurosurgical 

techniques and management procedures. Such techniques and procedures have enabled us 

to understand, quantify and treat neurological disorders affecting the CSF circulation. 

The CSF is a clear colourless watery body fluid, which amongst other functions, acts to support 

the brain’s weight and protects it against physical damages and mechanical shocks (1–3). It 

has a very delicately balanced secretion-absorption equilibrium(1–3), and any disturbance(s) 

to this equilibrium may result in life threatening levels of fluid build-up and an increase in the 

effective pressure within the skull, referred to as intracranial pressure (or ICP). 

 Understanding ICP 

In broad terms, ICP manifests CSF-circulation in pressure terms. It results from the combined 

interplay of pressure variations between the blood, CSF and extracellular fluid, all acting 

within a rigid cranio-spinal chamber 1 (CSC; i.e. the bony skull and spine). Most of the CSF is 

produced in the brain’s ventricular system and in the subarachnoid spaces of the brain and 

the spinal cord. Roughly, 500 mL of CSF is secreted by the epithelial cells of the choroid 

plexuses per day at the rate of approximately 25 mL/Hour (2,4–6). This constantly produced 

CSF is also constantly reabsorbed, thus leaving only 125-150 mL in the CSC at any given instant  

(7–11). 

Simply put, ICP can be visualised as the net pressure inside the skull and effectively in the CSF 

and brain parenchyma (12,13). As mentioned previously, any disturbance(s) leading to an 

imbalance in the CSF production-reabsorption cycle, or any abnormal change in effective 

                                                       
1 Cranio-spinal chamber (CSC): contains the outer bony skull and spine case and practically incompressible components 

like the brain parenchyma, CSF, extracellular fluid and blood, and other viscous and elastic components like neural tissue, 
cerebrovascular system, the meninges and connecting tissue. 
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volume of the brain parenchyma beyond the auto-regulatory and compensatory capabilities 

of the brain would cause CSF to build up and raise ICP (14). 

Treatment of raised ICP requires continuous long-term ICP monitoring (often extending over 

several days) for assessing the patient’s condition and for an accurate prognosis in various 

neurological disorders (mentioned later in section 1.4). Currently, clinical monitoring and 

treatment of raised ICP in patients is driven by a “mean ICP” centric approach and focuses on 

keeping the mean ICP within the currently accepted ranges of normal ICP (i.e. below a 

pressure threshold of 15-20 mmHg, (1,15–18). 

 ICP measurement and monitoring 

The “golden age” of ICP monitoring began in the 1950s with the successful advent of invasive 

methods for continuous ICP measurement using intraventricular catheters as reported by 

Guillaume, Janny, and Lundberg (19–21). Although there have been significant advances in 

modern non-invasive ICP measurement techniques, they are still considered less reliable. ICP 

is generally measured invasively, either through lumber puncture or directly by inserting a 

catheter (with a pressure transducer at its tip) into any of the 3 primary brain locations; 

namely, ventricles (intra-ventricular), parenchyma (intra-parenchymal) or the dura 

(epidurally or subdurally) as shown in Figure 1, (22,23). 

 

Figure 1: Illustration of the four commonly used sites for insertion of ICP monitoring catheters, (24). 
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Direct ICP measurement requires drilling a hole through the skull to place a pressure sensor 

within the brain. Due to the highly invasive nature of this measurement, our understanding 

of ICP dynamics & the relationship between ICP and blood pressure at physiological (or 

healthy) levels are almost non-existent. 

Historically, such invasive measurement limited the duration of ICP signal recordings in 

humans and conscious animals due to the risks of infection from the catheters & cables poking 

out of the animals’ body (1,25–28). Now infection, attendant and cable management issues 

to chronic recordings can be overcome using telemetric sensors systems from companies 

such as Millar Inc., USA, RAUMEDIC®, Germany and similar other companies. Such telemetry 

systems enable chronic recording of data (over weeks) without the risks of infection and cable 

management (29,30). 

 Normal and raised ICP 

Despite widespread use of ICP monitoring in modern neurocritical care, normal ICP remains 

poorly investigated and understood. The current normal mean ICP values are extrapolated 

from either lumbar CSF pressure measurements or direct ICP measurements in the patient’s 

brain(s) who are suspected with CSF pressure disorders. To provide an optimal treatment for 

patients in neurological emergencies such as hydrocephalus and traumatic brain injury (TBI), 

it is essential to understand and distinguish between normal and raised ICP values. 

 Researchers have attempted to determine a single universal mean ICP threshold, which 

distinguishes normal ICP from raised ICP for all individuals. However, determination of such a 

single universal threshold has simply not been possible (25,31–34). Difficulty in the 

determination of such ICP thresholds arises from the inherent variability of the ICP signal, its 

sensitivity to movement & postural changes and its dependence on posture, age and 

anatomical & physiological variations amongst individuals (23,31–35), this is evident from 

Table 1. 
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Table 1:  Normal intracranial pressure values in humans. 

 

In addition to the inherent variability, it has been speculated that the ICP thresholds might 

also vary from patient to patient depending on the specific medical condition under 

treatment (40). For instance, a mean ICP ≥ 15 mmHg may be regarded as elevated in 

hydrocephalic patients. Whereas, this threshold might be ≥ 20 mmHg in patients with TBI, 

and generally aggressive ICP treatment would start at a threshold ≥ 25 mmHg in almost all 

patients of disturbed CSC pathophysiology (33,41,42). 

The general consensus regarding the lack of a single universal ICP threshold is further backed 

by studies on patients who underwent ICP monitoring with a treatment threshold of 20 mmHg 

and did not show an outcome benefit when compared to patients who were not monitored 

and treated based on this threshold (33,43,44). However, it may be argued, based on current 

clinical practice, that it would be considered unwise to leave mean ICP unattended after it 

reached ≥ 20 mmHg (41,42,44). 

Additionally, such a universal ICP threshold faces two opposing constraints that further 

complicate its determination. First, it should be sufficiently low to provide an optimal time 

window for the introduction of external investigatory and interventional procedures by 

clinicians for investigating/curtailing the rise in mean ICP. This is necessary to avoid any 

complications or secondary insults to the patient that may result from extended periods of 

raised ICP (resulting in the deterioration of the patient’s condition). Second, the threshold 

should be realistically high to ensure an optimal time for the anatomical/physiological 

feedback mechanism (feedback of the changes in ICP) of the patient’s body to augment its 

natural recovery process. 

Age Supine Standing Sitting References 

Adults 7-15 mmHg Not less than (-15) 

mmHg 

(-10) - 1 mmHg (23,30,36,37) 

Children 3-15 mmHg Not well established Not well established (23,36,38) 

Infants/ 

Newborns 

1.5-6 mmHg Sub-atmospheric  

pressure 

Sub-atmospheric  

pressure 

(23,36,38,39) 
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Thus owing to such discrepancies in definition, spread in the understanding of clinical 

significance of mean ICP thresholds for treatment decisions, and the loss of vital information 

contained in the ICP waveform, when using just ICP mean value(s). All such reason(s) have 

grown interest in ICP waveform analysis for clinical decision making (instead of just using ICP 

mean value) (45–55). Analysis of human and animal ICP waveforms and its interactions with 

other physiological signals such as arterial pressure (AP), cerebral blood flow, blood oxygen 

level, have been previously studied to improve patient outcome in a research setting but 

hasn’t yet translated into a standard clinical practice (45,50,55–61). Table 2 below lists some 

commonly utilised animal models for the development of better understanding and analysis 

of ICP waveform and related systems. The rat and sheep animal models were used for the ICP 

analysis presented in this thesis. The reasons for their selection, in addition to greater 

availability, are discussed later in their respective analysis chapters. 

In clinical practice, mean ICP has been the major driving force for treatment and prognosis. 

Speculations are that a shift towards ICP waveform analysis in clinical scenarios would 

enhance our understanding of the healthy brain functioning and improve the overall 

neurological diagnostics and treatment process. Such improvement may be achieved by 

extracting and using the information hidden in the dynamic nature & trends of the ICP 

waveform and not just its mean value. Analysis of ICP spectral composition and the changes 

it undergoes with disease progression may provide critical information about the nature and 

compliance/ behaviour of the cerebral vasculature. Analysis of its dynamics, trends, and 

frequencies might also reveal early indicator(s) of neurological deterioration and prevent any 

secondary injuries due to raised ICP and may result in better treatment for patients and their 

quicker recovery. 
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Table 2: Commonly used animal models for ICP related analysis. 

Species Model(s) References 

Rat / 

mice 

1. 20 or 22 gauge infusion cannula with artificial CSF column & tethered pressure sensor 
used for ICP manipulation to analyse ICP changes in relation to optic neuropathies. 

2. Telemetric pressure catheters used to measure AP & ICP, and Kaolin injection to raise 
ICP for chronic ICP recording & analysis. 

3. Pressure transducer, cerebro-ventricular cannula with fluid infusion used to 
manipulate ICP, to analyse the relationship between ICP and sympathetic activity. 

4. Kaolin Injection to induce hydrocephalus & MRI used to measure changes in CSF flow, 
to model & investigate Communicating hydrocephalus. 

5. Subarachnoid cannula, pressure transducer & polygraph recorder used to record and 
manipulate ICP & AP, along with cortical laser-Doppler flowmeter (LDF) & EEG to 
record other physiological signal. To analyse cortical blood flow & CPP under 
subarachnoid haemorrhage. 

6. Rats instrumented to record AP, ICP & SNA via telemetry and intra-cerebro ventricular 
(ICV) infusion to manipulate ICP. To analyse the relationship between ICP, AP & nerve 
activity.  

7. ICP raised by subdural balloon inflation to a total mass volume of 0.3 ml. 
Pathologically high ICP values from 75 to over 500 mmHg used to observe 
cardiovascular & sympathetic changes. 

(26) 
 

(29) 
 

(62) 
 

(63) 
 

(64) 
 

 
 

(65) 
 

 
(66) 

Cat 1.  Kaolin injection & saline-filled catheter attached to a pressure transduced used to 
manipulate & record ICP. To analyse ICP waveform dynamics. 

2.  Implanted extradural transducer, ICV cannula & electrodes to record and investigate 
ICP & other physiological parameters during rapid eye movement (REM) sleep.  

3.  Plastic cannula with transduced and intra-cisternal injections of mock CSF used to 
manipulate ICP. To study ICP oscillations. 

4. Guide tube, needles and flexible electrodes used to record ICP, electroencephalogram 
(EEG) & other signal in the cranium during REM sleep. 

5.  ICP recorded & manipulated using epidural sensor & Kaolin injections. Physiological 
signals like BP, EEG and respiration were also recorded to understand ICP waveform 
oscillations. 

6.  Tip transducer & fluid filled catheter recorded ICP & AP to investigate ICP under 
hypertension.  

7.  Cannulas & pressure transducers used to record & manipulate BP & ICP to use system 
analysis as a means to investigate ICP system dynamics.  

(59) 
 

(67) 
 

(68) 
 

(69) 
 

(70) 
 
 

(71) 
 

(72) 

Pig/ 

Piglet 

1.  External ventricular drain catheter, pressure transducers & LDF used to measure ICP, 
BP, Co2 levels & other physiological signals. Along with a balloon catheter to 
manipulate BP & ICP to investigate cerebral autoregulation. 

2.   External ventricular drain catheter, pressure transducers & LDF used to measure ICP, 
BP, Co2 levels & other physiological signals. Along with a balloon catheter to 
manipulate BP & ICP to investigate cerebrovascular reactivity. 

3.   Pressure transducers attached to catheters and balloon tip catheters and saline 
infusion used to measure and manipulate ICP, AP and other physiological signals to 
investigate the relationship between raised intra-abdominal, intrathoracic, and 
intracranial pressures. 

4.  Subdural pressure transducers and catheters used to measure ICP, AP and blood 
ammonia to investigate ICP changes under acute liver failure. 

5.  ICP measured using both minimally invasive mechanical extensometers sensors & 
invasive micro-transducer and manipulated using saline infusion to analyse minimally 
invasive vs invasive ICP monitoring techniques.  

6.  ICP measured using lumber puncture under anesthesia to investigate ICP dynamics 
during ionizing radiation exposures. 

7.  Telemetric transmitter and paired wire electrodes implanted to measure 
electrocardiogram (ECG). Performed analysis of heart rate variability using spectral 
analysis techniques, to analyse diurnal variations in autonomic nervous system.  
 
 
 
  

(73) 
 

 
(74) 

 
 

(75) 
 

 
 

(76) 
 

(77) 
 

 
(78) 

 
(79) 
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Dog 1.  Cannulas, pressure transducers & infrared analysers used to record & manipulate BP, 
ICP and Co2 levels, to investigate ICP waveform shape and its oscillations. 

2.  Cannulas, pressure transducers, Kaolin and extradural balloons used to manipulate 
ICP and AP to investigate the relationship between respiration & ICP oscillations. 

3.  MRI data relating to CSF build up and cerebral perfusion used to develop techniques 
utilising diagnostic imaging for non-invasive ICP assessment by finite element analysis. 

4.  Pressure transducers, epidural ICP monitoring & non-invasive measurement of blood 
pressure, ECG, tidal CO2 & O2 saturation used to evaluate the changes in optic nerve 
sheath diameter in relation to changes in ICP levels. 

5. Custom fabricated hydraulic pressure transducers used to measure simultaneously 
ICP, lumbar cistern pressure, optic nerve subarachnoid space pressure & intraocular 
pressure (IOP) to investigate the ICP dynamics in the optic nerve chamber. 

6.  Cranoment epidural pressure sensor, polyethylene catheter & FM analogue tape 
recorder used to investigate the transmission characteristics of ICP pulse waves using 
transfer function based analysis. 

(80) 
 

(81) 
 

(82) 
 

(83) 
 
 

(84) 
 
 

(85) 

Monkey 1.  Cannulas, telemetric transducers & electrodes used to record and manipulate ICP, AP 
EEG, ECG signals to investigate ICP waveform dynamics during REM sleep.  

2.  Kaolin & silicone oil injections and prenatal ultrasound monitoring used to induce & 
investigate congenital hydrocephalus model in fetuses. 

3.  CSF-measuring micro sensor, bio microscopy, rebound tonometry & spectral-domain 
optical coherence tomography used to record ICP, IOP & retinal nerve fiber layer 
(RNFL), to investigate effects on RNFL thickness and neuro-retinal rim area of the optic 
nerve head with changes in CSF pressure. 

4.   ICP raised by increasing in size space-occupying lesions in the brain, and aspects of 
optic disc oedema measured using ophthalmoscopy, stereoscopic colour fundus 
photography & fluorescein fundus angiography, & light microscopic, electron 
microscopic etc., to investigate the pathogenesis of optic disc edema in raised 
intracranial pressure. 

5.  Saline reservoir, catheters and needles in eye chambers along with fiber-optic 
pressure sensor and imaging used to record and manipulate ICP and IOP, to map and 
analyse optic nerve head strains due to changes in ICP and IOP.  

(86) 
 

(87) 
 

(88) 
 
 
 

(89) 
 
 
 
 

(90) 

Lamb/ 

Sheep/ 

Goat 

1.  Kaolin & silicone oil injections and prenatal ultrasound monitoring used to induce & 
investigate congenital hydrocephalus model in fetuses. 

2. Cannulas, pressure transducers used to record and manipulate ICP to investigate 
pathology of experimental communicating hydrocephalus Induced by artificial 
increase in endo-ventricular CSF pulse pressure. 

3.  Solid-state pressure transducer, cannula & catheters used to record and manipulate 
Blood, lymph, and CSF values to develop mathematical relationship between ICP 
dynamics and CSF flow & drainage and extracranial lymphatics system. 

4.  Cannulas & pressure transducers attached to catheters used to measure the steady-
state rates of Inulin, Fructose, Creatinine, Urea, Potassium, Sodium, & labelled water 
(TOH) perfused out at various hydrostatic and osmotic pressures. To investigate the 
bulk flow and diffusion in the cerebrospinal fluid system of the goat. 

5.  Solid-state pressure transducers, renal electrodes and catheters & cannulas used to 
record ICP, AP, renal sympathetic nerve activity (RSNA). Ventricular saline infusion 
used to raise ICP and investigate its dynamics and relationships with AP and RSNA.  

(87,91–94) (87) 
 

(91) 
 
 

(92) 
 
 

(93) 
 
 
 

(94,95) 

 Medical disorders responsible for raised ICP 

Currently, mean ICP is the most commonly monitored brain parameter in neurocritical care. 

Mainly because its rise, be it benign, acute or chronic (arising from any physiological disorder) 

is a common yet serious problem. ICP can rise in a number of critical medical conditions, such 

as hydrocephalus, TBI, intracranial mass lesions, brain swelling, disturbances in CSF circulation 

and/or its secretion-reabsorption cycle, choroid plexuses tumours, increase in venous 

pressure, idiopathic intracranial hypertension and more diffused intracranial pathological 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/neuroscience/intraocular-pressure
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/neuroscience/intraocular-pressure
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processes or anything that takes up space within the fixed volume of the skull (36,96,97). If 

raised ICP is not recognised in a timely manner, and treated promptly, there is considerable 

risk of visual impairment, seizures, secondary brain damage, long term severe disability and 

even death (36,52,96,97). Figure 2 shows a pictorial representation of the neurological 

conditions responsible for raised ICP.  

 

Figure 2: Causes, diagnosis, and treatment of raised intracranial pressure (ICP); Causes (Left), example of Obstructed 
cerebrospinal fluid (CSF) flow and/or absorption is hydrocephalus; Diagnosis and Treatment of raised ICP (Right), the 
abbreviations stand for the following, CPP: Cerebral Perfusion Pressure, MRI: Magnetic Resonance Imaging, EEG: 
Electroencephalogram, CT: Computed Tomography. 

 Traumatic brain injury (TBI) 

Traumatic brain injury is a major neurological disorder accounting for the largest percentage 

of patients requiring acute ICP monitoring (98–103). The incidences of TBI are rising globally 

and The World Health Organization estimates that by 2020 TBI will be the third highest cause 

of early death for all age groups (100,102,103). Despite major advances in the understanding 

of this condition in the last 15 years, care for TBI patients remains largely supportive 

(102,104).   

TBI usually results from either an external impact to the head or an internal impact 

(concussion) due to a sudden acceleration/deceleration forces within the cranium or a 

combination of both. In addition to the primary injury caused during impact, a cascade of 

events might take place in the following minutes or days causing secondary brain injuries. 

These processes cause alterations in cerebral blood flow, intracranial pressure, and 

intracranial temperature. TBI can cause an array of cognitive, social, emotional, behavioural 
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and physical effects, with outcomes ranging from complete recovery to permanent disability 

or death (100,102–104). The Brain Trauma Foundation’s guidelines recommend placement of 

an ICP monitor for direct measurement and monitoring of raised ICP in “all salvageable 

patients”, to avoid secondary brain damage due to compression of the brain tissue and 

monitor primary injury in patients suffering from a substantial or severe TBI (101).  

 Hydrocephalus 

Hydrocephalus is derived from the Greek words hydro-, meaning "water", and kephalos, 

meaning "head" and is commonly known as “water on the brain”. It is a neurological 

condition, whereby excess accumulation of CSF in the brain ventricles causes the ICP to 

increase. It is one of the most common paediatric neurological disorders and can be 

congenital, occurring in 3 out of 1000 live births (105). Hydrocephalus occurs, either due to a 

problem with CSF’s production and/or absorption or its obstructed flow in the CSC or a 

combination of all three. The treatment of hydrocephalus and the major problems associated 

with it are later discussed in section 1.6. 

Apart from the medical risks arising from the raised ICP and its primary neurological causes, 

chronically elevated levels of ICP can result in secondary brain injury like oedema, hypoxia, 

ischemia, and even hydrocephalus. Such secondary injuries cause a further rise in ICP and a 

rapid deterioration of the cerebral vasculature’s inherent pressure-volume regulatory and 

compensatory mechanisms (i.e. brains mechanisms for maintaining a stasis), leading to a 

vicious cycle of rising ICP and reducing brain physiological stasis, eventually resulting in death.  

Hydrocephalus is one of the foremost causes that contribute to the majority of patients 

suffering from chronically raised ICP and requiring chronic ICP monitoring, and thus is the 

focus of this Ph.D. research. 

 Interactions between ICP and AP 

Our scientific community has a relatively good understanding of pathologically significant ICP 

levels. For example, from the works of Harvey Cushing in 1901, we know that when ICP gets 

very high, blood pressure (BP) will increase to maintain cerebral perfusion pressure (CPP) 

(36,106,107). In the ensuing years, it was recognised that the ‘Cushing’s Triad’ (i.e. increased 
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BP, irregular breathing, and bradycardia) was the brain’s last resort against ischemia and the 

presence of brain baroreceptors capable of governing BP through sympathetic outflow in 

response to ICP was hypothesized (94,108).  

However, since Cushing’s work over 100 years ago, our understanding of ICP dynamics & the 

ICP-AP relationship at physiological (or healthy) levels has not advanced significantly. 

Primarily due to the lack of chronic healthy ICP-AP data recordings uncomplicated by trauma 

or chronic illness. Additionally, the majority of studies on interactions between ICP and AP 

have considered “mean AP” to be the driver of “mean ICP” via changes in cerebral compliance 

& auto-regulation in patients with neurological disorders (Figure 3, path 1). Such 

understanding was acquired broadly based on the time domain analysis of short-duration ICP 

& AP recordings (typically from patients under anaesthesia). This eventually led to the 

development of a “mean ICP” driven treatment practice in modern neurocritical care 

worldwide. Thus, a significant amount of clinical time and effort is spent on acutely restoring 

mean ICP after TBI and stroke, or chronically maintaining and monitoring it in hydrocephalus 

(52,109,110). 

 

Figure 3: Closed loop mean intracranial pressure (ICP) – arterial pressure (AP) relationship; Path1 represents the 
conventional wisdom, indicating mean AP controls mean ICP via cerebral auto-regulation and changes in compliance; Path 
2 represents the emerging new hypothesis, suggesting that ICP might regulate AP chronically via sympathetic nerve 
activity (SNA). 
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Despite “mean ICP” centric treatment being a standard practice in neurological causalities, 

Chesnut et al, 2012, could not find conclusive evidence to justify the central dominance of 

such a treatment approach in their randomized controlled clinical trials. Instead, they found 

that evidence was lacking to support the conventional wisdom that advocates monitoring and 

treatment of neurological disorders by focusing on “mean ICP” to improve patients outcome 

(43). Additionally, Hawthorne et al. (97) concluded that there was no level 1 evidence to 

support the benefits of using ICP monitoring for targeting generic ICP treatment thresholds, 

and there was little doubt that ICP waveform based analysis had led to improved 

understanding of cerebral physiology, and should be continually explored further for 

improved individualized and multimodality neuro-critical patient care. 

While modern medicine has markedly improved the outcomes for patients with neurological 

disorders, in recent years clinical gains have stalled. This is due to a relatively slow progress 

in preventing CSF shunt failures over past few decades, the challenges in translating new 

research into patient benefit, debate(s) on the widespread policy of early sedation and 

ventilation in more severely injured patients, and challenges in preventing secondary 

neurological damage in patients following episodes of High ICP disorders (102,111–113). 

There is an emerging new doctrine that questions this central role of “mean ICP” and 

alternatively advocates using ICP waveform analysis tools such as spectral analysis, black box 

modelling etc. This doctrine focusses on deciphering the variations in the ICP waveform and 

understanding the dynamic and steady state relationships between AP and ICP chronically, 

rather than just the short-term mean based analysis. It aims at developing holistic and 

customised treatment procedures by evaluating patient specific ICP thresholds in patients 

with neurological disorders (27,40,114,115). Furthermore, researchers globally are 

contributing towards an evolving hypothesis that suggests resting levels of ICP, oxygen, and 

brain blood flow/ perfusion may be important determinants of long term AP via the 

sympathetic nerve activity (SNA) Figure 3, path 2 (56,94,107,108,116,117). Figure 4 shows a 

possible illustration of this hypothesis. 
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Figure 4: An Illustration of the ICP-AP closed loop system; Rise in mean ICP may force a rise in mean AP via renal SNA to 
maintain cerebral perfusion pressure.  

As can be seen in Figure 3, Path 1 represents conventional wisdom and path 2 this relatively 

new hypothesis, thus making the ICP-AP relationship a closed loop system. This relationship 

is further complicated by influences from various endogenous regulators of arterial pressure 

such as the baroreflex, renin-angiotensin system, aldosterone release, and the chemoreflex. 

Such influences make it extremely difficult to extract the true embedded impact and extent 

of ICP’s influence on long-term AP regulation. 
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 Complications, obstacles, and drawbacks with current raised ICP 

monitoring/treatment approaches 

Once the cause(s) of raised ICP has been diagnosed, treatment generally proceeds based on 

the aetiology and varies from patient to patient depending on their medical condition (118). 

Treatment in the case of hydrocephalus involves the insertion of a “CSF shunt” that drains 

excess CSF from the brain. Almost all current shunts consist of a proximal ventricular catheter, 

one way valve and a distal catheter (119). 

Insertion of a “CSF shunt” for treating hydrocephalus became prevalent throughout the 1950s 

and 1960s (120,121). Arguably, while shunts have been an effective method of managing 

hydrocephalus, they have some common problems. It is estimated that within the first 2 years 

after shunt insertion as many as 50% will fail, requiring a surgical revision, and after 10 years 

98% will have failed (122–127). Shunts commonly fail due to twisting and/or obstruction of 

the catheter, mechanical failures, physical damage or malfunctioning in emulating the 

complex dynamics of healthy CSF drainage. Almost all cases of shunt failure require surgical 

intervention either for the replacement of the malfunctioning shunt part or for the insertion 

of a new shunt (123,128). Currently, shunts are not able to give feedback to the patient about 

possible failure. Signs of shunt failure are similar to some of the common ailments and include 

headaches, nausea and vomiting, irritability, fever and a decreased level of consciousness 

(129). Given such common symptoms, any signs of presumably minor illness, such as a 

headache, can panic patients or their parents, causing them an urgent and expensive trip to 

the hospital and subsequent scans to rule out shunt failure. 

Additionally, owing to a lack of ICP recordings in healthy individuals and scarcity of long-term 

recordings in patients and conscious animals, our current knowledge of the normal regulation 

of ICP and the ICP-AP relationship is extremely limited. 

A lack of understanding about normal ICP-AP relationship, the problems associated with 

shunting for managing raised ICP and a lack of confidence in the relevance of “mean ICP” 

centric treatment, all point towards the need for basic research on the analysis of long-term 

ICP waveform (both under normal and disease conditions), and its underlying relationship 

with other signals such as AP. Such an analysis would extract information contained in ICP’s 
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trends, waveform, and subtle variations, and further, broaden our understanding of the ICP-

AP system and enable us to improve the treatment of various neurological disorders. 

Such an understanding will give us a reference point (yardstick) to measure the effectiveness 

of our treatments. It will enable us to customise our treatments, in ways, that restore the ICP 

dynamics and relationship to the previous, reference healthy behaviour. Current treatments 

do not have such a statistically backed healthy reference to use as a yardstick. 

 Research questions/objectives 

The overall objective of this thesis is to advance the field of ICP monitoring and continue the 

development of ICP-AP system analysis methods that incorporate physiological feedback (like 

renal SNA) to advance our understanding of the ICP waveform. Also, to contribute towards 

patient care for those requiring ICP monitoring in neurological emergencies (such as 

hydrocephalus), by understanding the ICP-AP relationship at normal levels (physiological 

levels) of ICP. To these ends, experiments on rat and sheep models under healthy and induced 

hydrocephalic conditions were performed to investigate the following questions. 

The first question was to investigate the normal ICP signal behavior in conscious rats and 

sheep, to determine how it changes with changes in posture and general animal movement. 

This was important for understanding how the recorded signal was influenced by animal 

activity, and to determine under what conditions the recorded signal can be considered valid 

and free from any movement related artefacts. 

The second question was to identify the relationships between AP and ICP in normal 

conscious rats and sheep and assess their relationships in the time and frequency domains. 

The third question was to assess how the relationship between AP and ICP changes during 

the development of hydrocephalus and assess it in the time and frequency domains. 

The fourth question was to investigate the dynamic properties of ICP, AP, and SNA in both 

normal and hydrocephalic sheep. Develop methods to investigate this relationship and 

determine the role of SNA in acute or chronic endogenous regulation of AP during changes in 

ICP at the physiological level. 
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This thesis addresses these questions relating to the normal ICP & AP signal characteristics, 

the normal ICP-AP system relationship, and changes in this relationship with the progression 

of artificially induced hydrocephalous (AIH) in rats and sheep animal models. It answers such 

questions by analysing chronic ICP and AP signal data recorded via telemetry in conscious rats 

and tethered system collecting ICP, AP and SNA signals in conscious sheep. Such chronic data 

recordings are rare in animal models, rarer in patients, and absent in healthy individuals.  

These long-term animal recordings provide a unique opportunity for establishing and 

understanding the normal baseline signals, their variability, and dynamics. Such an 

understanding of the normal signal behaviour coupled with signal-synchronised animal 

movement video forms the basis for the analysis of the dynamic and steady state interactions 

amongst these signals during the development of hydrocephalus/ high ICP in animal models 

of this thesis. The analysis of the normal ICP-AP system relationship enables us to better 

understand and define this relationship under the unhealthy (hydrocephalic) condition. For 

example, my research in sheep shows, that even at physiological levels, ICP directly influences 

AP via renal SNA, and not just at previously thought pathologically high levels. 

Subsequently, I hope that this improved knowledge of the animal ICP-AP system, might help 

us to better understand the complex physiological mechanisms responsible for raised ICP in 

humans, and guide us in developing robust clinical ICP management protocols that are 

currently lacking. 

The next chapter provides an in-depth discussion of the globally used common ICP waveform 

analysis tools and explains the methods used in this thesis for such analysis.    
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Chapter 2. Analysis methods 

The importance of the analysis of ICP waveform and its interactions with AP, under healthy 

and artificially induced hydrocephalic (AIH) conditions were pointed out in Chapter 1. Chapter 

1 also discusses the major drawback(s) and problem(s) associated with a “mean ICP” centric 

approach to neurocritical care. While, the analysis of the ICP waveform is critical for the 

development and improvement of neurocritical protocols, such an analysis and the 

interpretation of its results are far from trivial. It requires a good understanding of the healthy 

ICP signal dynamics and an ability to understand the signal characteristic(s) in both the time 

and frequency domain(s). The ICP waveform analysis is neither as simple nor as quick as 

evaluating and analysing the implication conveyed by the statistical mean of the ICP signal. 

However, with proper training and help of modern computing technology, such an analysis 

can be smoothly carried out in real time, and anyone (with sufficient clinical background) can 

be trained to understand the results and their interpretations. 

To understand ICP dynamics in human and animal models (Table 2, chapter 1), researchers 

globally have developed/adopted various waveform analysis methods. Some of these 

methods are very similar to those used in cardiovascular control research. The ICP waveform 

analysis methods described in this chapter were the stepping-stones in investigating the 

fundamental questions (i.e. the research questions introduced in chapter 1) associated with 

the ICP waveform and its interactions with AP waveform in rats and sheep. Additionally, 

insights regarding the probable mechanism(s) governing the healthy ICP-AP relationship 

(discussed in the subsequent chapters), were obtained through further processing of the ICP-

AP system information provided by these ICP waveform analysis techniques. Therefore, it is 

useful to briefly classify and review the commonly used methods of ICP waveform analysis. 
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 ICP waveform analysis methods 

The ICP waveform analysis methods can be classified into four main categories, as follows;    

 Analysis of ICP waveform fluctuations/waves  

The successful demonstration of invasive ventricular fluid pressure recordings (ICP waveform 

recordings) by Lundberg, Janny and Guillaume in the 1950s (19–21). Followed by its 

classification based on the periodicity and amplitude of its fluctuations, maybe arguably 

described as the first attempt at analysing and understanding the ICP waveform dynamics 

under pathological conditions. In the ensuing years, numerous research groups developed 

similar amplitude and periodicity based ICP waveform analysis techniques. With the 

objective(s) of either associating ICP waveform oscillations/fluctuations to a correct 

prognoses and/or outcomes post treatment/surgery, or for evaluating shunt responsiveness 

in hydrocephalus, or for using such fluctuations as an early warning indicator(s) for the 

deteriorating cranio-spinal camber (CSC) pathophysiology (32,47,130–139). 

Although a few instances of continuous ICP waveform recording had been reported earlier, 

Lundberg’s amplitude and periodicity based classification of the human ICP waveform is 

largely considered pioneering (published in his thesis “Continuous recording and control of 

ventricular fluid pressure in neurosurgical practice” in the 1960s). He classified ICP waveform 

fluctuations as follows, 

Plateau waves (also called ‘A’ waves): ‘A’ or plateau waves are steep rises in ICP waveform 

causing the mean ICP to hit a constant elevated level (plateau level). Generally, the mean ICP 

amplitude in plateau waves varies from near normal values to 50 mmHg or more above the 

baseline, for a duration of 5–20 minutes and then falls back sharply to normal values; Figure 

5 shows an example of ICP ‘A’ waves in humans (140). Such ICP waves had been believed to 

be pathological in nature indicating a reduction in the intracranial compliance and are 

frequently accompanied by further neurological deterioration (140,141). 
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Figure 5: An example of Plateau or ‘A’ waves in ICP waveform, taken from Kjällquist et al.  (140). 

‘B’ waves: ‘B’ waves were originally defined as sharp rhythmic oscillations of the ICP 

waveform occurring every 30 seconds to two minutes during intracranial pressure monitoring 

(140,141). However, the definition of ‘B’ wave frequency boundaries (i.e. 0.5-2/min) is not 

rigid. These frequency boundaries have been modified over the years based on the intended 

purpose and applications of the study. With studies considering frequency bands in the ranges 

of 0.5 to 3 (142,143), 0.33 to 2 (144) and 1 to 2 cycles per minute (145,146) as ‘B’ wave. The 

amplitude of B-waves varies from being just discernible to 50 mmHg or more above the 

baseline without any sustained periods of raised mean ICP like those observed in ‘A’ waves; 

Figure 6 shows an example of ICP ‘B’ waves in humans (140). Not just the definition of ‘B’ 

wave frequency boundaries, but also their significance in the ICP waveform has been debated 

over the years, while the true physiological mechanisms responsible for their origins remain 

obscure. A recent publication by Spiegelberg et al. (46) provides a comprehensive review of 

the ICP ‘B’ waves, they concluded that there was no agreement on the predictive capabilities 

of B-waves to access shunt responsiveness and diagnose hydrocephalus, but they are still 

used for these purposes in many institutions. Moreover, vanishing B-waves in TBI patients 

were widely agreed to be a predictor of the bad outcome but were hardly used for the same. 

Overall, they comment that B-waves are indicative of reduced cranial compliance and their 

presence is an indicator of intact cerebral autoregulation. However, it was not clear why 

different B-wave morphologies observed in different causes of intracranial hypertension were 

sometimes able to predict/ diagnose changes in the cranial conditions but not always in all 

causes of intracranial hypertension.  
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Figure 6: An example of B waves in ICP waveform, taken from Kjällquist et al.  (140). 

‘C’ waves: ‘C’ waves were also defined as rhythmic oscillations like ‘B’ waves with a frequency 

of 4–8 cycles per minute and amplitudes relatively smaller than B waves. Pathophysiologically 

they are considered less significant than ‘A’ and ‘B’ waves, and are believed to be a reflection 

of Traube–Hering–Mayer waves originating in the arterial pressure, Figure 7 shows an 

example of ICP ‘C’ waves in humans (53,140,141). 

 
Figure 7: An example of C waves in ICP waveform, taken from Kjällquist et al.  (140). 

Janny, a contemporary of Lundberg, also independently reported a similar classification of 

ventricular fluid pressure fluctuations (21). more recently, Lemaire et al. (21) classified ICP 

waveform oscillations into three bands based on their frequencies, namely, Infra ‘B’, ‘B’ and 

ultra ‘B’. Table 3 (adapted from Lemaire et al.) lists and compares some commonly used 

frequency band ranges for ICP waveform classification. Although there have been other 

classifications of ICP waveform fluctuations since Lundberg and Janny, however, such 

classifications only have a slight variation in the cut-off frequency boundaries for each of their 

ICP band.  

 

C C 
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Table 3: Classification of ICP waveform (21). 

Classification Wave 

Type 

Oscillation (waves/min) Amplitude (mmHg) Frequency 

band (mHz) 

Janny coupled hypertension 

type 2 or slow waves 

type 1 

 

variable occurrence (VO) 

0.5 to 3 [dominant: 1 w/min] 

6 to 12 

 

- 

10.3 

1.5 to 2.2 (healthy 

subjects) 

 

- 

8.33 to 50 

66.3 to 200 

 

Lundberg A wave 

B wave 

C wave 

VO (duration: 5 to 20 min) 

0.5 to 2 [dominant: 1 w/min] 

4 to 8 

50 to 100 

from discernible to 50 

from discernible to 20 

 

- 

8.33 to 33.3 

66.33 to 

133.3 

 

Lemaire IB 

B 

UB 

- - <8 

8 to 50 

>50 to 200 

 

Additionally, Czosnyka and co-researchers have introduced new terms, like slow waves (33) 

and slow vasogenic waves (32,147–149), with a frequency window of 0.33 to 3 cycles per 

minute, to refer to ICP oscillations with a shape similar to original ‘B’ waves (defined by 

Lundberg), but with a broader frequency range. Researchers globally, have also used analysis 

of ICP waveform fluctuations2 (i.e. ‘A’ and ‘B’ waves) to prove/disprove the existence of a 

correlation between strength and duration of their occurrence(s) to the efficacy of a given 

treatment, or for quantifying the extent of a patient’s recovery following a neurological 

disorder. However, it is worth noting that ICP waveform fluctuation (i.e. A, B & C waves) are 

derived from recording in patients with TBI, space-occupying intracranial lesions or 

intracranial hypertension of other origin(s) and therefore cannot be used to indicate the 

normal condition of the cerebral vasculature. 

                                                       
2 In common usage, ICP waveform fluctuations generally refer to A and B waves, possibly because ‘C’ waves are 
usually considered patho-physiologically less significant when compared to ‘A’ and ‘B’ waves. 
‘A’ waves: Steep elevation of the ICP waveform that is maintained for a duration 5–20 minutes and then falling 
back sharply. The ICP can reach a constant plateau level from near normal values to 50 mmHg or more. 
‘B’ waves: Oscillations with a frequency of 0.5–2/min with an amplitude varying from being just discernible to 
up to 50 mm Hg above the baseline. 
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The detection and analysis of ICP waveform fluctuations can be performed either in time or 

frequency domain(s) or both, depending on whichever serves the intended analysis purpose 

better, studies (19,33,48,53,130,131,150–157) show examples of such analysis techniques (in 

both domains). Overall, different studies utilizing such analysis techniques display a spectrum 

of conflicting results regarding the significance, implications, and meaning of such ICP 

fluctuations. Some studies suggest that their occurrence(s) represent a deterioration of 

cerebral auto-regulation and compliance (34,53,59,67,80,131,158–160). While others show 

results indicating an improvement or no change in a patient’s cerebral condition following 

episode(s) of slow wave(s) (32,48,114,130,131,153,161–165). The exact physiological 

mechanism(s) responsible for the origin(s) of ICP waveform fluctuation(s) and their 

pathological significance still are areas of active research, debate, and speculation. 

 Analysis of the ICP waveform in the time domain 

Currently, intraventricular ICP monitoring is the gold standard for ICP measurements. It 

measures fluctuations in CSF pressure over time. Therefore, it is intuitive to analyse the ICP 

waveform(s) and understand their implications in time domain. Additionally, the ICP 

waveform analysis method discussed in the previous section alone, are not sufficient to 

understand completely the complex intracranial regulatory processes, and the information 

contained in the ICP waveform. There is a growing consensus amongst researchers that such 

an information might be useful for the treatment and prognosis in a clinical setting.  

Furthermore, a combination of the following factors, viz. the push towards understanding the 

healthy ICP waveform characteristics and not just their pathological significance. Along with, 

an emerging interest in understanding ICP’s impact on the cardiovascular control from a 

physiological stand point, specifically its relationship and influence on the AP signal. Finally, 

the need to understand the physiological origins and mechanisms responsible for such ICP-

AP system dynamics. All have contributed to the application/development of various time 

domain analysis (TDA) techniques for ICP waveforms analysis. 

TDA methods evaluate the signal waveforms (i.e. any physiological signal waveform like ICP, 

AP, cerebral blood flow velocity etc.) by generally performing a combination of smoothing, 

averaging, taking the log, the rate of change analysis or correlation based analysis of such 

signals. Some of such TDA techniques are discussed in (166–170). Moreover, TDA is also used 
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for calculating one or more of the following secondary ICP parameters and signal 

quantification indices used for multimodal bedside ICP monitoring. Namely, pressure volume 

index, cerebrovascular pressure-reactivity index and pressure volume compensatory reserve 

index or calculation of the changes in ICP pulse pressure to quantify the change(s) in the shape 

and characteristics of the ICP waveform (33,36). Such indices many times require another 

physiological signal like oxygen saturation, blood flow velocity etc. in addition to just ICP and 

AP signal values for comprehensive computation and analysis.    

 Analysis of the ICP waveform in the frequency domain 

Although, TDA methods are helpful for multimodal analysis and comparative analysis 

between ICP and other signals such as AP in the time domain (i.e. comparisons of rates, 

slopes, trends etc.). They lack the ability to show subtle changes in individual constituents 

that make up the ICP waveform because such individual waveform constituents overlap each 

other in the time domain to construct the observed ICP signal. This is where the Frequency 

domain signal analysis (FDA) methods are useful, as they can evaluate subtle changes in 

individual waveform constituents. Such changes are otherwise extremely hard to observe, 

differentiate and evaluate in time domain version of most physiological signals. 

FDA methods became increasingly prevalent with the advances in computing technology. This 

is because signal deconstruction using Fourier’s transform algorithm is a calculation intensive 

process. FDA allows signals (such as ICP, AP etc.) to be deconstructed into their constituent 

frequency components (153,168,171,172), as shown in Figure 8. Analysis of changes in such 

individual constituent signal components enables us to understand the differences in signal’s 

behaviour during different stages of disease progression (i.e. from physiological/healthy 

signal characteristics stage to a pathological/unhealthy stage). 

Furthermore, with the advent of sophisticated FDA software algorithms/routines (similar to 

those used by the software MATLAB, MathWorks Inc.) enabled researchers to distinctly 

identify, the respiratory and cardiac frequency components in human ICP waveform, as 

shown in Figure 8 by Balestreri et al. This waveform component identification adds to the 

traditional classification of the human ICP waveform based on its waveform fluctuations by 

Lundberg and other authors.  
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Figure 8: Example of human intracranial pressure (ICP) spectrum following traumatic brain injury (TBI) in patients, 
spectrum contains three distinct components: pulse (cardiac), respiratory and slow wave components, which are generally 
overlapping in the time domain but can be easily distinguished in the frequency domain. Taken from Balestreri M, 
Czosnyka M et al. (164). 

Currently, the human ICP waveform is thought to be composed of the following distinct 

spectral (i.e. frequency) bands/regions.   

1. Cardiac band of the ICP waveform: The cardiac spectral band of the ICP signal is 

proposed to result from the conductance of cardiac oscillations through the cranio-

spinal camber (CSC) into the ICP signal. When viewed on a spectral plot (as shown in 

Figure 8) it displays several harmonic components, of which the fundamental signal 

component (also called the first harmonic) has a frequency value in the range of 1 Hz 

- 1.5 Hz, this corresponds to a human heart rate (HR) in the range of 60-90 BPM. The 

transmission strength (across the CSC) of the component amplitude in this spectral 

band may be an indicator of changes in intracranial compliance (as will be 

demonstrated in the results of chapter 3 and chapter 4).  
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2. Respiratory band of the ICP waveform: The respiratory spectral band is related to the 

transmission of respiratory frequencies into the ICP signal through the CSC. This band 

typically spans over the frequency range of 0.15 Hz – 0.34 Hz. 

 

3. Mayer wave band of the ICP waveform: Mayer waves in ICP waveform are proposed 

to be induced from AP oscillations at frequencies slower than respiratory frequencies. 

They show strong coherence (i.e. the strength of linear coupling between fluctuations 

of two variables in the frequency domain) with efferent sympathetic nerve activity 

(SNA) (173–176). Since Mayer waves are usually enhanced during states of 

sympathetic activation, several authors have proposed that they might provide an 

indirect measure of efferent SNA (175). However, the clinical usefulness of measuring 

Mayer waves and the identification of a precise mechanism underlying these 

oscillations remains elusive (173,174,176–179). For example, they show some 

relationship with the SNA level in healthy subjects but remain strongly reduced in 

some cardiovascular diseases associated with sympathetic activation, e.g., in 

congestive heart failure (180,181). In humans, this band is typically centred on ~ 0.1 

Hz and corresponds to the “10-s rhythm” (182–184). Mayer wave oscillations have a 

characteristic frequency of approx. ~ 0.4 Hz in rats (185), ~ 0.3 Hz in rabbits (186,187), 

and ~ 0.1 Hz cats (188–190) and dogs (191,192). Based on the value of the Mayer wave 

oscillations in rats, rabbits, cats, dogs, and humans it is intriguing to speculate that, as 

the physical size of the animal increases beyond a threshold, the Mayer wave 

frequency approaches ~ 0.1 Hz, however, this requires validation. To my best 

knowledge, there is no data in the literature describing the Mayer wave frequencies 

in conscious sheep. However, like humans, a ~ 0.1-Hz AP oscillation was present in the 

spectrum of the conscious sheep used in our ICP experiments (discussed in the 

following chapters). Therefore, by analogy with observations made in humans and 

other similar sized animals like dogs, it sounds logical to propose that Mayer waves 

have a characteristic frequency of ~ 0.1 Hz in conscious sheep.  

 

4. Slow wave band of the ICP waveform: The slow wave spectral band cut-off 

frequencies are usually not as distinctly defined as were in Lundberg’s original 

classification based on his observations in patients (19,140). A great variation in the 
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cut-off frequency ranges of this band is observed amongst various studies in humans 

(was discussed in section 2.1.1). However, based on the human ICP waveform analysis 

presented by Czosnyka and co-researchers in their publications, the oscillations in the 

range(s) of 5.5 mHz to 50 mHz  are commonly accepted as slow waves (32,33,46,147–

149,164). The slow wave bands/ranges used for animal models in this thesis (see 

chapter 3 and chapter 4) are slightly different from the human slow wave band 

definition. This is because the appearance of slow wave like oscillations in the ICP 

waveforms of both animal models has frequencies different to human ICP slow waves. 

Such a difference in the slow wave like oscillations may arise due to the anatomical 

and physiological difference between humans and the animal models used for this 

thesis.  

Additionally, it is important to mention that oscillations due to movement artefacts or any 

other myogenic activities (in conscious animals) can influence the strength of spectral band 

amplitudes of the ICP waveform. Spectral analysis of such ICP signals, corrupted by movement 

artefact will be inaccurate. The degree of inaccuracy in the analysis will depend on the extent 

and intensity to which the movement artefact affect the recorded signals. Therefore, care 

must be taken to avoid any movement related artefacts, and proper signal accusation, pre-

processing and conditioning protocols must be followed for a faithful frequency domain 

analysis.     

 ICP system modelling 

This type of analysis generally refers to modelling the ICP system (i.e. understanding the 

interactions between cerebro and cardiovascular system components, like ICP, AP, blood flow 

velocities etc.) by evaluating its interactions with other signals, as if they were coming from a 

black box with measurable/quantifiable input(s) and output(s). ICP system modelling also 

encompasses component-based system modelling techniques, where components a 

biological system are modelled as electro/mechanical system components. Such ICP system 

analysis techniques are relatively less prevalent (when comparison to Time/frequency 

domain based analysis). Two commonly used ICP system-modelling techniques are discussed 

below.       
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1. Black box modelling / System identification based methods: These methods attempt 

to capture the intracranial system dynamics by evaluating the transfer function or 

fitting a parametric model. This is achieved by using a set of physiological signals, such 

that these signals represent the desired input(s) and output(s) to the physiological 

system being modelled. From a classical ICP-AP system analysis standpoint, AP is 

considered the system input and ICP or any other signal like cerebral blood flow (CBF) 

(that represents information regarding the cranial compliance indirectly) as system 

output (45,168,193–197). The researchers (45,168,193–197), have used such 

techniques to model the cerebral vasculature and/or auto-regulatory behaviour by 

considering AP (or blood pressure) as input and ICP or CBF velocity as output to the 

system. However, the need for stable long-term input & output signal data to perform 

a reliable transfer function analysis on the ICP-AP system significantly limits a wide use 

of this analysis technique in ICP system modelling. This is mainly due to the lack of 

stable long-term ICP data recordings under healthy and unhealthy neurological 

conditions, such as hydrocephalus. 

2. Analytical / Component modelling based methods: These analysis methods are 

generally used in conjunction with other analysis methods mentioned above and 

attempt to model and describe the behaviour of a biological system using basic 

electrical or mechanical system components (51,198–202).  

Overall, a major roadblock to using such modelling methods in biological systems arises from 

the difficulty in relating the modelled system’s parameters back to its biological systems 

equivalent and interpreting the predictions/results of the mathematically modelled system 

into meaningful physiological insights. This is because the models of biological systems, in 

electrical or mechanical terms are frequently higher-order, non-liner mathematical system 

description(s). The presence of such higher order, non-liner terms complicates the process of 

back interpretation of mathematical system description to the actual physiological system 

behaviour. 

In addition, several research groups globally are applying a combination of the ICP waveform 

analysis tools mentioned above, for understanding ICP system dynamics in animal models and 

patients. A prominent research group in the field of ICP system analysis is from the 

Department of Clinical Neuroscience, University of Cambridge, led by Professor Marek 

http://www.neuroscience.cam.ac.uk/directory/profile.php?mc141
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Czosnyka3 and Professor John Pickard4. Their research focuses on TBI and hydrocephalus 

patients data, for analysing various phenomena related to cerebral auto-regulation, the 

behaviour of the cerebral vasculature, cerebral blood flow and pressure-volume 

compensation of CSF. Figure 8 and Figure 9 were taken from their publications and show 

aspects of time and frequency domain analysis of patient ICP data. Similar results from 

pathological ICP waveform (i.e. resulting during/after disturbances to CSC) have been found 

in several other studies (172,203,204). These studies have shown that the human ICP’s pulse 

morphology consists of three peeks P1 (percussion wave), P2 (tidal wave), and P3 (dicrotic 

wave), as shown in Figure 9. The first peak P1 wave originates from the pulsation of the 

choroid plexus with changes in arterial pressure and is sharp and constant in amplitude. The 

second peak P2 wave represents the rebound after the initial arterial percussion P1 and the 

third peak (P3) has a venous origin. Carrera et al concluded that changes in the relative 

amplitudes of these ICP pulse pressure peeks could be indicative of the underlying 

pathologies (50). Similarly, in other studies, they showed that changes in the amplitudes of 

P2 and P3 can be indicative of slow waves/B waves in ICP (154,205). Slow waves (Figure 8) 

have been unanimously considered an important feature of the ICP waveform. There is, 

however, a difference in opinion amongst researchers regarding the significance, meaning 

and implications of the role of slow waves in predicting a patient’s recovery following a 

neurological disorder. 

  

                                                       
3 http://www.neuroscience.cam.ac.uk/directory/profile.php?mc141 
4 http://www.neuroscience.cam.ac.uk/directory/profile.php?prof.jdp 

http://www.neuroscience.cam.ac.uk/directory/profile.php?mc141
http://www.neuroscience.cam.ac.uk/directory/profile.php?prof.jdp
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Figure 9: Example of arterial blood pressure (ABP) waveform (top plot); and Intracranial pressure (ICP) pulse waveform in 
traumatic brain injury (TBI) patients containing 3 peaks P1, P2, and P3. P1 is associated with the fast propagation of the 
pulse pressure wave (systole of arterial pressure), the subsequent peaks P2 and P3, are associated with the interaction 
between intracerebral blood volume and ICP over time, as a superposition of the arterial and venous pulse wave. Taken 
from Carrera et al, 2009 (50). 

All the analysis methods described above have their pros and cons, and the selection of an 

optimal analysis method simply depends on the nature of the fundamental question(s) and 

underlying research interests.  

 Analysis methods used in this thesis 

A combination of the analysis approaches chosen from the ones mentioned above, 

contributed towards the development of a consistent ICP & AP signal analysis methodology 

used in this research. The analysis methodology described below was found to be best suited 

for investigation of the fundamental research questions outlined in Chapter 1. Additionally, 

to our best knowledge, the combination of analysis techniques adopted here is novel in the 

way they analyse and interpret, chronic physiological data from conscious rat and sheep 

models. A combination of TDA, FDA and ICP-AP system gain analysis methods (similar to a 

transfer function analysis) were used to explore the ICP, AP, and renal SNA5  signals and their 

underlying relationship with the progression of artificially induced hydrocephalus. 

                                                       
5 ICP and AP signals were recorded in both rats and sheep. Renal SNA was recorded only in sheep. This was due 
to the constraints offered by freely moving rats i.e. their small size and the complexity in connecting electrodes 
to their renal nerves.   
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These TDA, FDA and ICP-AP system gain analysis methods are discussed next. The ICP, AP and 

renal SNA signal data collection process in animal models will be explained in the later 

chapters that tackle each animal model individually in detail. 

 The analysis in the time domain 

In this thesis, TDA was used to visualise and understand the transient & steady state signal 

behaviour in healthy and unhealthy animals. TDA also allowed us to observe the changes in 

signal characteristics with changes in animal posture and general movement. Such an 

understanding was required to determine when the recorded signals could be considered 

stable, valid and free from any movement related artefacts. As stable signal segments were 

required for a reliable FDA, which was performed following TDA in this project (discussed in 

the next section).  TDA was also beneficial for a quick quantification of the signal means, and 

identification of any physiological processes such as respiration and cardiac rhythm (heart 

rate), that may influence on the overall signal waveforms chronically. 

In both rat and sheep animal models, the physiological signals were recorded in 

synchronisation with animal movement video. The video was used to exclude data segments 

where the animals’ physical movement(s) disturbed the intrinsic ICP signal dynamics. All 

physiological signals were recorded using PowerLab and LabChart software (v8.1.5, 

ADInstruments, Sydney, Australia), at a sampling frequency of 1 kHz. The synchronised 

recording of physiological signal and animal movement data enabled simultaneous analysis 

and comparison to remove signal segments with physical movement related artefacts. TDA 

of such synced signal data is useful in investigating if a “cause and effect” type relationship 

exists between ICP and AP (i.e. to see if changes in either signal always drive changes in the 

other). The aim such an investigation was to try to convert the closed loop ICP-AP system 

relationships into an open loop system. However, no clear and consistent identification of 

such a “cause and effect” type relationship between ICP and AP was possible by simultaneous 

comparison of these signals. Both signals varied in synchronisation on most occasions. 

Additionally, TDA was used for rate of change/slope comparisons amongst signals over time, 

to identify changes in the signal morphology (i.e. changes in ICP pulse pressure), look for a 

“cause and effect” type relationship and to calculate the changes in signal means with the 

progression of AIH.  
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 The analysis in the frequency domain 

In this thesis, FDA was used to evaluate and understand the characteristics of the ICP and AP 

signals, and the ICP-AP relationship under healthy and AIH conditions, in the frequency 

domain. The ICP-AP system was assumed to be linear and time-invariant (LTI). Linearity here 

means that the changes at each input frequencies only affect the output at those frequencies 

and do not affect the output at other spectral frequencies. Time-invariant means, irrespective 

of the time of application of an input, now or T seconds from now, the output will be identical 

except for a time delay of T seconds. The LTI assumption is the starting point for such analysis, 

as it provides a simple and effective platform to examine the system first before applying 

advanced system identification and modelling techniques.  

The FDA enables us to look at the changes in the shapes of the ICP and AP spectrum during 

the development of AIH. It also facilitated the visualisation of subtle variations in the 

individual amplitudes of ICP’s and AP’s constituent frequencies.  The detection and analysis 

of such subtle changes in the constituent frequency amplitudes were otherwise extremely 

hard when attempted in the time domain. This is because all-constituent frequencies overlap 

each other in the time domain, to construct a composite time domain version of the signal 

(i.e. the time domain signal is a sum of all constituent frequencies). Hence, subtle variations 

in individual constituent frequency amplitudes become inconspicuous under stronger 

influences from animal movement(s). Such movement(s) significantly affect the overall signal 

shape and its mean value in conscious animals.  

The quantification of variations in spectral amplitudes of the constituent frequencies was 

performed by dividing the entire signal spectrum in to four bands (i.e. for both ICP and AP 

signals). The spectral amplitudes of all constituent frequency components within a spectral 

band were then added together to obtain an overall ‘spectral band magnitude’ (SBM) for that 

band. The SBMs obtained in this way were plotted with respect to their individual mean ICP 

levels (i.e. the ICP level at which the spectrum was calculated). The four spectral bands into 

which the spectrum of both animal models was divided (for analysis in this thesis) are, 

1. slow wave frequency band,  

2. Mayer wave frequency band,  

3. respiratory frequency band and 

4. cardiac frequency band. 
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As discussed above in section 2.1.3, while most these bands have well-defined boundaries in 

humans, there was insufficient data in the literature that may be used for characterising the 

equivalent bands boundaries in conscious rats and sheep used in this research. Additionally, 

due to differences in the physiological and anatomical parameters of different species, their 

spectral band boundaries tend to be different, and need to be evaluated and adjusted in each 

species for analysis. For example, the spectral band boundaries in conscious sheep show some 

resemblance to those of humans (discussed above in section 2.1.3). However, they differ 

significantly from those in conscious rats. These differences in the spectral band boundaries 

amongst conscious rats and sheep possibly arise due to the differences in their sizes, the rate 

of physiological parameters (like heart rate, respiration etc.), and how such physiological 

frequencies are transduced and scaled in the two species given the differences in their 

physical sizes. Likewise, the resemblance in the spectral band boundaries between humans 

and sheep possibly arises due to their relatively large skull sizes and slower physiological 

frequencies (like hear rate, respiration etc.), and probably similar transduction and scaling 

mechanisms. Therefore, a key part of this project was identifying the frequency band 

boundaries of interest in conscious rat and sheep models used in this thesis. 

Analysing data in the frequency domain provided new insights into the ICP-AP relationship in 

both animal models (discussed separately in subsequent chapters on rat and sheep analysis). 

In addition, FDA verified the ideas and understanding developed initially about the ICP-AP 

system based on TDA results, in both animal models (TDA result verification by FDA can be 

seen in subsequent chapters). 

The FDA presented in this thesis, was performed using 5-minute stable data chunks, selected 

manually from chronic ICP and AP data recording under healthy/normal and during stages of 

AIH development conditions (for spectrum calculations in both animal models). The manual 

selection was preferred over automated selection to make sure the selected signals were free 

from any movement related artefacts. Such stable data chunks were imported to MATLAB 

(MATLAB R2015b, MathWorks Inc.) from LabChart (v8.1.5, ADInstruments, Sydney, Australia) 

to perform data processing offline in MATLAB. The development and perfection of MATLAB 

script(s) that used fast Fourier transform algorithm and other digital signal processing (DSP) 

principles like windowing, data down sampling etc. (the details of such techniques are 

discussed separately in subsequent chapters on rat and sheep analysis, due to variations in 
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DSP parameters used for both models) was both challenging and time consuming. However, 

such MATLAB script(s) automated the conversion process of time domain data chunks to their 

frequency domain equivalents in both rats and sheep respectively and were helpful in 

maintaining a consistent analysis procedure for each animal model. This made the process of 

DSP parameter selection and optimisation quick and easy for analysis in the frequency 

domain, and ensured that the analysis was free from any unforced errors. 

 ICP-AP system gain analysis 

ICP-AP system gain analysis was used to quantify the transmission gain between the ICP and 

AP signals. This was done by assuming that the CSC acted like a black box with AP as the input 

and ICP as the output to this black box. Such an analysis was helpful in understanding the 

relationship between signals on the forward branch (i.e. AP input-ICP output branch) of the 

closed loop ICP-AP system. The ICP-AP system gain was evaluated as the ratio of the ICP 

spectral amplitudes to AP spectral amplitudes, and was used to quantify and assess the 

strength of transmission between the black-box system’s assumed input and output within 

the CSC (i.e. the gain shows how strongly the input signal ‘AP’ was transmitted through CSC 

to influence the output signal ‘ICP’ ).   

This system gain based analysis is very similar to transfer function analysis (TFA) performed 

using parametric models/mathematical models in many ways. However, it avoids the 

unnecessary complexity in the interpretation of analysis results, arising due to the modelling 

of the physiological systems as a higher order mathematical system description, in TFA 

focused models. The ICP-AP system gain analysis calculations are obtained using a simple 

division between the system’s input and output signals in the frequency domain. This 

significantly reduces the high computational time and power requirements of TFA performed 

using parametric/mathematical models. Such a reduction in computation time occurs, as 

there is no need for training and validation data sets for model development and optimisation 

that are required by parametric/mathematical models to calculate the system transfer 

function. Such system gain analysis, however, has its flaws; it lacks the modelling robustness 

and accuracy that maybe achieved through parametric/mathematical models when such 

models are calculated using a wide range of carefully selected randomised training and 

validation data sets.  
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Additionally, to make sure that the system gain calculated using either TFA or ICP-AP system 

gain analysis is a true representation of the relationship between the input-output signals and 

of the transmission characteristics of the system, an additional step of magnitude-squared 

coherence calculation between the input and output signals is required to validate the 

calculated system gain. Gain plots for conscious animal models analysed in thesis (shown in 

the analysis presented in the following chapters), were evaluated for the four bands 

mentioned above as these bands displayed high magnitude-squared signal coherence (i.e. 

greater than 0.7 or 70%). 

 Signal processing techniques used for the spectral analysis presented in this thesis 

1. Data acquisition for spectral analysis: All the data for the experiments presented in 

the following chapters were recorded using PowerLab (Model 8/16, ADInstruments, 

Sydney) and LabChart (ADInstruments, v8.15, Sydney, Australia) at a sampling 

frequency of 1 kHz and then imported into MATLAB (MATLAB R2015b, MathWorks, 

Inc.) for detailed analysis. The signals were recorded at 1 kHz to allow maximum 

information about the signals (particularly renal sympathetic nerve signal) to be 

captured. For ICP and AP signals, frequencies up to ~10 Hz were considered 

physiologically significant (74,79,80,85,206,207). Thus their signal spectrum were 

analysed within this range for the analysis presented in this thesis.  

According to Nyquist’s sampling theorem, any signal can be completely recreated 

from its sampled version provided the sampling was done at least twice the highest 

frequency present in the signal. The highest frequency in the signal is called the 

Nyquist frequency (208–211). So, for frequencies of interest in the ICP and AP signals 

(i.e. in the range of 0-10 Hz), sampling at 20 Hz would successfully represent their 

spectrum until 10 Hz. However, oversampling at 1 kHz has advantages of capturing 

more information (higher time resolution) and avoid signal misrepresentation due to 

spectral aliasing (208–213). Aliasing occurs when a signals sampling rate is lower than 

twice its Nyquist frequency (Nyquist rate). Aliasing causes higher frequencies to fold 

back over lower frequencies and become indistinguishable from each other (208–

213). 
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2. Filtering and resampling:  As mentioned above, the physiological frequencies of 

interest for the ICP and AP signal were up to ~10 Hz, so sampling these signals at 1 

kHz was excessive for the spectral analysis presented in this thesis. Therefore, these 

signals were downsampled/resampled to 50 Hz using the ‘decimate’ function in 

MATLAB (214). Down-sampling the signal at exactly the Nyquist rate is suitable only 

for signals that are infinitely long and perfectly bandlimited (208–210,213,215). Such 

conditions do not exist in real/actual signals being sampled or resampled due to non-

ideal low-pass filtering, issues with the slow filter passband to stopband roll off and 

non-infinite length signals etc., thus resampling at higher rates (approximately 2.5 

times higher) than the intended Nyquist rate is generally recommended. MATLAB’s 

‘decimate’ function applies the 8th order low pass Chebychev filter with a chosen 

passband ripple parameter of 0.05 dB, which almost completely abolishes the ripple 

in the passband. The function corrects for filtering phase distortion by filtering to the 

input signal in both forward and reverse directions (in effect, this process doubles 

the filter order). Finally, Decimate resamples the filtered signal by selecting every nth 

point as chosen by the user (214). 

3. De-trending: The signals (ICP & AP) imported in MATLAB were detrended before 

spectral analysis by using the ‘detrend’ function. Detrend subtracts the mean from 

the data to force the mean to zero, this emphasises fluctuations about the overall 

increase and reduces variance. This was necessary to remove the DC (the mean) 

component that dominates the spectrum at zero Hz (214). The zero Hz component 

represents the average of the signal in the time-domain (also called its DC value) and 

does not affect the dynamics and trends of the observed signal and thus it was not 

included.  

4. Windowing: The last step before computing the frequency domain representation 

of the signal was windowing. When frequency content of a signal is computed, errors 

might arise due to the time-limited nature of the signal.  Windowing is a way to 

reduce these errors. A major issue that arises while choosing stable chunks of data 

(from chronic recordings) for spectral analysis is that selecting data, in effect, is 

equivalent to applying a rectangular window (of unit amplitude) for the duration of 

selection to the chronic recording. Additionally, the mathematical process of 

frequency analysis (i.e. fast Fourier transform) assumes the signal within the selected 
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time chunk is repeated throughout all time and that signals contained in selected 

data chunk are thus periodic at intervals that correspond to the length of the time 

record. If the samples on selected time chunk (i.e. rectangular window) do not start 

and stop with the same value at the ends, it will result in a waveform discontinuity 

in the time domain. Such abrupt discontinuity at the signal’s end points violates the 

repetition assumption and produces frequency components not present in the 

original signal, which introduces spectral leakage (208,209,212–214,216). 

In applications where the coherent sampling criteria (i.e. selecting data chunks with 

an integral number of signal cycles) cannot be met, a window weighting function can 

be applied to the time domain signal to minimize spectral leakage. Windowing 

consists of multiplying the data in the time domain by a window function. Different 

window functions are available with different frequency response characteristics 

under Fourier transform. Choosing an optimal window for a specific application 

requires knowledge of the signals involved, consideration of the frequency 

resolution, and the dynamic range requirements (208,209,212,213,216). 

One such window is the Hanning window, which is part of the cosα(X) family (213). 

These windows become smoother as the value of α becomes larger, and both the 

window and its first derivative are continuous which is advantageous in reducing 

spectral leakage (213). The Hanning window touches zero at both ends thus 

eliminating all discontinuity, has a sinusoidal shape with a wide peak but very low 

side lobes. Hence, it is good for analysing sine waves or a collection of sine waves 

with good frequency resolution, reduced spectral leakage and generally is 

satisfactory in 95 percent of cases (212,216). Thus, Hanning window was selected for 

the spectral analysis present in this thesis. 

5. Fourier transform: Spectral analysis is a useful tool for evaluating the frequency 

components within a signal and is used commonly in biomedical engineering and 

physiology. The spectral analysis of the recorded, selected and conditioned (using 

techniques in points 1 – 4 above) signal chunks was performed using the Fourier 

transform algorithm in MATLAB. Fourier transform is based on the idea that time 

domain signals are a superposition of simple sinusoidal components of different 

frequencies (as shown by Eq.1 & Eq.2). Thus, can be deconstructed and visualised as 

a combination of such individual sinusoidal components in the frequency domain 
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(208,209,217,218). The results of spectral analysis using Fourier transform are 

generally analysed in terms of amplitude and phase spectra of the signal. Signals such 

as ICP or AP usually recorded as a function of time can be transformed to frequency 

domain using the Fourier transform. In the frequency domain, such signals can be 

represented entirely in terms of amplitude and phase at each component frequency 

(208,209,217,218). 

The Fourier series (named after its discoverer mathematician and physicist Jean 

Baptiste Fourier) forms the Basis of this transformation. There is substantial 

literature available on the theory of Fourier transform & series and its application. 

Briefly, the Fourier series represents a periodic signal f(t) with a period T as a 

summation of sinusoids with frequencies that are multiples (i.e. harmonics) of the 

signal’s fundamental frequency ( ω = 2π/ T )  as shown below ,     

𝒇(𝒕) = 𝑨𝟎 + ∑(𝑩𝒏 𝐜𝐨𝐬(𝒏𝝎𝒕) + 𝑪𝒏 𝐬𝐢𝐧(𝒏𝝎𝒕))

∞

𝒏=𝟏

 

…………………. (Eq.1)  

Where the Fourier coefficients A0, Bn, and Cn are defined as follows, 

A0  =  
𝜔

2𝜋
∫ 𝑓(𝑡) 𝑑𝑡

2𝜋/𝜔

0
        Bn = 

𝜔

𝜋
∫ 𝑓(𝑡) cos(𝑛𝜔𝑡) 𝑑𝑡 

2𝜋/𝜔

0
       Cn = 

𝜔

𝜋
∫ 𝑓(𝑡) sin(𝑛𝜔𝑡) 𝑑𝑡

2𝜋/𝜔

0
 

………………… (Eq.2) 

Here A0  gives the mean or DC value of signal f(t) (i.e. the value at zero frequency), taken from 

(208,209). 

We know that Euler’s formula can be used to establish the relationship between the 

trigonometric functions and the complex exponential function. This allows us to express the 

Fourier series in the complex exponential form as shown below, 

𝒇(𝒕) = ∑ 𝒂𝒏 

∞

𝒏=−∞

𝒆𝒋𝒏𝝎𝒕 

….……………. (Eq.3) 

Where j = √-1, and the exponential form Fourier series coefficient relate to the sinusoidal form 

Fourier series coefficient (from above) as follows (Eq.4), taken from (208,209),  



Analysis Methods 

Thesis Chapter 2 Page 37 

𝒂𝟎 =  𝑨𝟎   𝒂𝒏 =  
𝟏

𝟐
(𝑩𝒏 − 𝒋𝑪𝒏) for  n > 0  𝒂𝒏 =  

𝟏

𝟐
(𝑩𝒏 + 𝒋𝑪𝒏) for  n < 0 

….……………. (Eq.4) 

Eq. 3 & Eq. 4 clearly show that the coefficients 𝒂𝒏 occur as complex conjugates. The real part 

of 𝒂𝒏 gives the magnitude of the cosines at each harmonic and the imaginary part denotes 

the magnitude of the sines. While, either form of Fourier series above (i.e. Eq.1 or Eq.3) can 

be used to completely describe continuous periodic signals (i.e. signals that repeats itself 

exactly every T seconds, and can be predicted for all time from t =-∞ to t=+∞), as a 

superposition of a finite set of harmonics. Most real signals are either aperiodic or semi-

periodic as they are time limited (i.e. do not continue from t =-∞ to t=+∞) and require 

superposition of an infinite number of sinusoids or exponents for their description (or spectral 

representation) (208,209,211,213).  

In short, Fourier transform and Fourier series are two manifestations of a similar idea, namely, 

to write general functions/signals as "superposition" (whether as integrals or sums) of 

sinusoids/exponents. A periodic function as shown above in (Eq.1 or Eq.3) can be expressed 

as a "discrete" superposition or a sum of sinusoids/ exponentials. Whereas, aperiodic 

signals/functions require a continuous superposition, namely, the integral that shows up in 

Fourier transforms as shown below in (Eq.5). Generally, Fourier series is used for periodic 

signals and Fourier transform for aperiodic signals. Fourier series is used to decompose signals 

into basis elements (complex exponentials) while Fourier transforms are used to analyse the 

signal in another domain (e.g. from time to frequency, or vice versa). 

Since an aperiodic signal x(t) requires superposition of an infinite number of sinusoids or 

exponents for its description. We can extend the ideas of Fourier series from above used to 

describe periodic signals as a supposition of a finite set of harmonics, to describe aperiodic 

signal x(t) as follows, 

𝒙(𝒕) =
𝟏

𝟐𝝅
∫ 𝑿(𝝎)𝒆𝒋𝝎𝒕𝒅𝝎

∞

−∞

 

….……………. (Eq.5) 



Analysis Methods 

Thesis Chapter 2 Page 38 

Where, 𝑿(𝝎) is the Fourier transform of x(t) and is equivalent of the Fourier coefficients of 

(Eq.1 & Eq. 3), taken from (208,209). Since Eq.5 can be used to calculate the original signal 

x(t) from 𝑋(𝜔) it is referred to as the inverse Fourier transform. The Fourier transform, 𝑋(𝜔) 

can be directly calculated from x(t) using the equation Eq.6 below, taken from (208,209), and 

as mentioned above transforms the  signal from the time domain to frequency domain. 

𝑿(𝝎) = ∫ 𝒙(𝒕)𝒆−𝒋𝝎𝒕𝒅𝒕
∞

−∞

 

….……………. (Eq.6) 

As mentioned previously, the spectral description of a signal is usually presented as the 

magnitude and phase of the signal at constituent frequencies and not as the complex values 

that make up  𝑋(𝜔) . The magnitude is the modulus of 𝑋(𝜔)  or 

‖𝑿(𝝎)‖=(𝑿𝒓𝒆𝒂𝒍(𝝎)2+𝑿𝒊𝒎𝒂𝒈𝒊𝒏𝒂𝒓𝒚(𝝎)2 )1/2. The phase is the argument (Arg) or angle of 𝑋(𝜔) 

and is given by Arg ( 𝑿(𝝎)) = tan-1 (𝑿𝒓𝒆𝒂𝒍(𝝎)/ 𝑿𝒊𝒎𝒂𝒈𝒊𝒏𝒂𝒓𝒚(𝝎)).  

Most real signals are sampled and recorded digitally; this requires their discretisation during 

the data collection process and are collected over a finite period. The discrete Fourier 

transform (DFT) has been developed to describe such signals in the frequency domain. The 

transformation of a discrete signal x[n] of length N using DFT is given by, 

𝑿[𝒌] = ∑ 𝒙[𝒏]

𝑵−𝟏

𝒏=𝟎

𝒆−𝒋𝟐𝝅𝑲𝒏/𝑵 

for K = 0, 1, ……, N-1                               ….……………. (Eq.7) 

The magnitude and phase spectra from the DFT can be plotted with respect to frequency (f) 

using the relation f = K fs / N, where fs is the sampling rate. As the result of an N-point DFT is 

an N element complex vector (209). Thus for real signals due to sampling, the DFT is 

symmetrical about its mid-point, so only the first 1+N/2 bins matter, as the others are a 

redundant complex conjugate image. Therefore, it usually plotted for frequencies up to fs/2 

(which is the Nyquist frequency as described above) (212,214,216). 

In practice, DFT is usually implemented using an algorithm called the fast Fourier transform 

(FFT). The FFT is an optimised implementation of the DFT and requires less computational 
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time and power. It does this by eliminating redundant calculation from Eq.7 above. The 

redundancies occur in calculating the exponentials of Eq.7  for each combination of K and  

As for each value of K, the DFT requires N complex additions and multiplications, which is a 

total of N2 complex calculations (209,214,219). The FFT calculates a series of shorter DFTs 

reducing the number of required calculations to 2Nlog2N (219). Although there are various 

implementations of the FFTs, each finding their unique solutions for reducing these 

redundancies, they all are based on the same general principles described above. 

The Spectral analysis of blood pressure or ICP is usually carried out on data segments between 

three and five minutes long, to ensure that the spectral analysis can be appropriately 

performed (217,218). The segment length is crucial to the frequency resolution of the spectral 

estimate when using an FFT. The segments (signal chunks) selected for spectral analysis (in 

conscious animal models) presented in this thesis were five minutes long. Any longer than 

this often incurred more movement artefacts or noise, any shorter than this would 

significantly reduce the spectral resolution. It was, therefore, a compromise between 

stationarity and length of the data segment. However, it was sometimes unavoidable at the 

higher levels of ICP to capture small amounts of this noise due to animal movements. Such 

noise due to its abrupt nature shows up at high frequencies, which are much higher than the 

physiological frequencies of interest for this analysis (i.e. below ~10 Hz) and thus did not affect 

the analysed spectrum and were easily removed through filtering. The selected five minute 

signal chunks were smoothed using a 3.5 min long Hanning window (with a 90% overlap, to 

calculate and average multiple DFTs to improve accuracy) and transformed to frequency 

domain using MATLAB’s FFT algorithm. This allowed the frequency bins to be chosen in such 

a way that we were able to accurately measure changes in frequencies from ~4.7 mHz to 

~10Hz, as the frequencies ranges of physiological frequency bands of interest in conscious 

rats and sheep defined above, were found lie within this range. 
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 Limitations of this Chapter 

This chapter focusses on discussing the ICP waveform and system analysis techniques that are 

public knowledge, established, widely used and documented. It does not include a discussion 

about the analysis methodology and technologies used by any proprietary software like ICM+ 

(the University of Cambridge Enterprise, Cambridge, UK).    

The instability in the analysed signals arising due to movement related artefacts is always a 

concern when data is obtained from conscious animals over extended periods. Such 

movement related artefacts could skew the FDA results if data segments selected for FDA 

contain sections of data with excessive animal movements. However, extreme caution was 

taken in selecting stable data segment for FDA for the results presented in this thesis.  

Additionally, changes in sensors offset during the course of implantation to cause sensor drift 

when data is collected chronically may skew the analysis results (if not corrected for properly). 

For the analysis presented in this thesis, sensor offset calculations were performed before 

and after the sensor implantation to look for any drift. The recorded signals were corrected 

for any sensor drift by subtracting the change in their offset from the recorded signal values 

and using de-trending during signal conditioning. Signal recordings in animals with unusual 

signal values (in absence of sensor drift data) were discarded from the analysis. However, an 

absolute correction of signal values recorded by drifted sensors is improbable. 

Animal data is variable due to the physiological and anatomical difference amongst animals. 

This may sometimes bias or randomise the results obtained from the analysed data and create 

some problems in the interpretation of the analysis results. 
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Chapter 3. ICP dynamics in conscious hydrocephalic rats 

Chapter 1 outlined the importance and benefits of utilising the information contained in ICP 

waveform (and not just its mean value) to improve neurocritical decision making. Also, the 

idea of a closed loop ICP-AP system was introduced, along with a discussion on the complexity 

arising in identifying unique characteristic oscillations in the ICP waveform uninfluenced by 

other factors (like the arterial pressure signal) in the presence of such a closed loop system. 

Additionally, chapter 2 classified and discussed the commonly used methods of ICP waveform 

analysis such as time domain analysis, spectral analysis, black box modelling etc. along with a 

discussion on the shortcomings/limitations each method. It was also pointed out in chapter 

2, that it is extremely hard to tease out a “cause and effect” type relationship between ICP 

and AP waveforms using time domain analysis methods to establish, whether the ICP-AP 

closed loop system can be analysed as a pure open-loop system under any physiological 

conditions.  Furthermore, chapter 1 pointed out that due to a lack of ICP recordings in healthy 

individuals and scarcity of long-term recordings in patients and conscious animals, our current 

knowledge of the normal/healthy regulation of ICP and the ICP-AP relationship is extremely 

limited. The interactions between ICP and AP under normal and pathophysiological conditions 

such as hydrocephalus are not well understood, but our research group suggests that the 

sympathetic nervous system may play a role. The underlying physiological mechanisms 

responsible for such interactions may be understood by chronically recording the ICP and AP 

signals in an animal model.  

Our research group has recently developed a methodology to chronically record ICP and AP 

in rats via telemetry, Guild et al. (29). Injections of Kaolin into the basal cistern can be used to 

induce hydrocephalus in rats, Li et al. (220). This gives us the opportunity to monitor these 

signals chronically under control conditions (healthy rats) and during the development of 

Kaolin-induced hydrocephalus (KIH). 

This chapter uses the analysis methods outlined in chapter 2, to explore the ICP-AP system 

dynamics related questions (in rats) outlined in chapter 1. The data acquisition process and 

the waveform analysis protocols used in rats are outlined in the next section. The aim of the 

work described in this chapter is to understand the characteristics and interactions between 
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the ICP & AP signals in control and hydrocephalic rats, by analysing the ICP and AP data in 

time and frequency domains to explore the AP-ICP relationship and how this changes with 

hydrocephalus. 

 Methods 

The surgical procedure to record ICP and AP in conscious rats have been previously described 

in detail by Guild et al (29). Briefly, the University of Auckland Animal Ethics Committee 

approved all animal experiments. All animals were housed individually in their home cages 

with a constant supply of food and water. The rat housing room was maintained at a constant 

temperature (22°C) during a 12-12 h dark-light cycle (lights on from 0600 to 1800 h). 

 Surgery 

Male Wistar rats weighing 300g-506g (n=7) underwent surgery to implant telemeters with 

two solid-state pressure catheters (TRM54PP-2509, Millar, Houston, TX) for the measurement 

of ICP and AP signals. The telemeter body was placed in the abdominal cavity with one 

catheter inserted into the abdominal aorta for AP measurement and the other tunneled 

subcutaneously to the skull for subdural ICP measurement.  

My Ph.D. co-supervisor Dr. Sarah-Jane Guild performed all the telemeter implantation and 

Kaolin (used for inducing hydrocephalus in rats) surgeries. Being an engineer, I had no 

experience with animal surgeries. However, I assisted her during these surgeries, which 

helped me develop a good understanding of the entire surgical process used in the 

experiments described below. In addition, assistance in surgeries provided a practical 

understanding of the anatomy and physiology in rats (in addition to the theoretical 

understanding gained through literature review and books). This enabled the analysis of 

experimental data to be performed with a strong mathematical/engineering focus and a 

sound physiological understanding. Furthermore, a significant amount of time was spent on 

understanding the nature and behaviour of the ICP and AP signals in rats. By watching the ICP 

and AP signals recorded with synchronised rats’ movement video, to understand what affects 

do various postural and physiological movement/changes have on these signals.  
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 Data acquisition 

The battery of the implanted telemeter was charged by an inductive pad placed under the 

home cage of the rat (221). This pad (TR181 SmartPad, from Millar Inc. now supplied by KAHA 

SCIENCES LTD. NZ.) also acted as a receiver for the ICP and AP signals, as shown in Figure 10.  

 

Figure 10: Schematic showing the data collection setup for rat experiments. TR181 SmartPad, (from Millar Inc. now 
supplied by KAHA SCIENCES LTD. NZ) is a combined receiver and charger unit and powers telemeters implanted in rats for 
ICP and AP measurements, it can be paired with data acquisition (DAQ) systems (PowerLab, Model 8/16, ADInstruments, 
Sydney DAQ used for experiments in this thesis). LabChart (v8.1, ADInstruments) on PC was used to record incoming data 
and rat movement video from PowerLab. TR190 Configurator wirelessly communicates with the rat telemeters and TR181 
SmartPad and allows configuring and diagnostics to run on telemeters and TR181. 

The data were recorded, for at least 15 days, using PowerLab and LabChart (ADInstruments, 

v8.15, Sydney, Australia) at a sampling frequency of 1 kHz and then imported into MATLAB 

(MATLAB R2015b, MathWorks, Inc.) for detailed analysis. A webcam was used to video the 

rat and monitor animal movement. This video was captured by LabChart in synchronisation 

with the AP and ICP data.  

TR190 
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 Kaolin-induced hydrocephalus 

At least 1 week after telemeter implantation, the rats underwent a second, short, surgery to 

induce hydrocephalus following the methods described by Li et al (2). 30μL of a 25% Kaolin 

suspension in saline was injected into the basal cistern to possibly block CSF drainage and 

raise ICP. Data recording continued for at least 48 hours following this surgery. 

 

Figure 11: A schematic of the signal acquisition process in Wistar RAT; a dual catheter (9cm and 25cm) telemeter 
(TRM54PP) from Millar Inc. (Houston, TX), with solid-state pressure sensors of 0.6 mm diameter at the catheter tip used 
for collection of ICP (25 cm catheter) and AP (9 cm catheter). The injections show the approximate location on the animal 
where Kaolin is injected to induce hydrocephalus.  
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 Data Analysis 

1. The analysis in the time domain 

This analysis was performed to understand the underlying relationships between the 

AP and ICP signals with the passage of time in rats, both before (i.e. control group) and 

after Kaolin surgery6 to artificially induce hydrocephalus (i.e. hydrocephalic group).  It 

is crucial to understand the signal characteristics properly before performing any data 

analysis techniques. This was done by observing the animal movements and the 

changes associated with them in signal dynamics, by looking at the synchronised 

recordings of the signals and video data. The video was used to exclude data segments 

where the animals’ physical movements disturbed the intrinsic ICP signal dynamics. It 

is important to understand that the changes in the ICP signal behaviour due to 

animal’s physical movement are not signal artefacts, but an actual response in the 

signal dynamics due to an external impetus (physical movement). In this analysis, we 

were more focused on understanding the inherent ICP signal behaviour, unaffected 

by any animal movement. 

For further analysis of the data, five-minute data segments of the ICP and AP signals 

were selected every 30±5 minutes from long-term data recordings based on the 

absence of artefacts and apparent stationarity of ICP and cardiovascular variables. HR 

was calculated from AP using cyclic measurements in LabChart. After Kaolin surgery 

the data segments were collected at least 30 minutes after the end of the surgery. All 

data segments were processed in MATLAB to visualise the long-term signal variation 

by plotting their means ± standard error (SE) over at least 10.5 hours before and 21 

hours after the Kaolin surgery. 

 

2. Frequency domain signal analysis 

To understand the spectral composition of these signals they were also analysed in 

the frequency domain.  Discrete Fourier transform was calculated using MATLAB’s 

(MATLAB R2015b, MathWorks Inc.) “fft” algorithm  based on the high performance 

implementation of the Cooley-Tukey fast Fourier transform (FFT) algorithm (222,223), 

for each of the five-minute ICP and AP data segments to visualise the spectral 

                                                       
6 The rats used in control group/under control condition after kaolin surgery were, used in hydrocephalic group. 
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composition of the signals under control and Kaolin conditions. The signals were 

downsampled/resampled to 50 Hz using the ‘decimate’ function in MATLAB (214). 

Down-sampling the signal at exactly the Nyquist rate (i.e. 20 Hz for this analysis) is 

suitable only for signals that are infinitely long and perfectly bandlimited (208–

210,213,215), as discussed in chapter 2. Such conditions do not exist in real/actual 

signals being sampled or resampled due to non-ideal low-pass filtering, issues with the 

slow filter passband to stopband roll off and non-infinite length signals etc., thus 

resampling at higher rates than the intended Nyquist rate is generally recommended. 

Both ICP and AP signal segments were smoothed using a 3.5 min long Hanning window 

(with a 90% overlap, to calculate and average multiple DFTs to improve accuracy) and 

transformed to frequency domain using MATLAB’s FFT algorithm. This allowed the 

frequency bins to be chosen in such a way that we were able to accurately measure 

changes in frequencies from ~4.7 mHz to ~10Hz, as most physiological frequencies of 

interest lie within this range. The magnitude spectrum from each data segment was 

split into the following spectral bands, 

Name of the spectral band Spectral band range Reason(s) for band range  

Slow wave band 8.3 mHz – 0.2 Hz Range based on the slow 
wave-like oscillations in the 
analysed rat(s) ICP 
waveform. 

Mayer wave band 0.2 Hz – 0.5 Hz The range selected based on 
Mayer wave values from 
literature (224)(225), and the 
location of the peak observed 
in analysed rat(s) data.  

Respiratory band 0.85 Hz – 2.5 Hz  The range selected based on 
the rate of respiration of the 
analysed rat(s).  

Cardiac band 3.5 Hz – 7 Hz. The range selected based on 
the heart rate of the analysed 
rat(s). 
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These spectral bands7 were selected such that they included the fundamental and the 

associated harmonic components for their respective bands as shown in Figure 12. 

The spectral band magnitude (SBM) for each band was calculated as the sum of all the 

individual spectral components in that band. The spectral band magnitudes for each 

data segment were then plotted against their respective mean ICP level as shown in 

Figure 16 onwards. 

 

Figure 12: An example of a healthy/control rat’s ICP and AP spectrum until 10 Hz; The yellow, blue, green and red bands 
show the approximate positions of the slow wave (8.3 mHz – 0.2 Hz), Mayer wave (0.2 Hz – 0.5 Hz), respiratory (0.85 Hz – 
2.5 Hz) and cardiac bands (3.5 Hz – 7 Hz). The peaks around ~10 Hz in AP spectrum is the 2nd harmonic of the fundamental 
cardiac component around ~5Hz.   

                                                       
7 The spectral band boundaries were calculated by, first establishing the position of the spectral peak of interest 
(say cardiac) on the frequency axis  for each animal (i.e. in case of cardiac was in the range of 3.5-7 Hz, or 210-
420 BMP), in their respective FFT spectral plots. Then by arranging the frequency axis values thus obtained (for 
each animal) into a group. Followed by analyzing the minimum and maximum values for that peak of interest 
(say cardiac) in this group of all the cardiac frequency axis values ranges (for each animal). To finally, demarcate 
the lower and upper spectral band boundaries based on the calculated maximum and minimum frequency axis 
values. 
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 Results 

Figure 13, shows the group mean baseline levels of ICP, AP, and HR for the control group (n = 

7, i.e. in rats prior to Kaolin surgery) for 10.5 hours before the Kaolin surgery (no data was 

collected during 1.5 hours of surgery). The group mean baseline levels prior to Kaolin surgery 

were, ICP 5 ± 1 mmHg, AP 105 ± 4 mmHg and HR 344 ± 22 bpm. Figure 13, also shows how 

such mean baseline levels change with the development of Kaolin-induced hydrocephalus in 

the hydrocephalic group (n = 7, i.e. same rats as control group, but post-Kaolin) over next 21 

hours after injection of Kaolin is given into the cistern magna to raise mean ICP. The group 

mean ICP increased by ~21 mmHg above baseline. The mean ICP levels post Kaolin increased 

in each rat, however, the maximum mean ICP level achieved by an individual rat post Kaolin 

varied amongst rats, and their mean maximum levels post-Kaolin were found to be in the 

range of ~20-40 mmHg, over the next ~12-16 hours following Kaolin surgery. Such a variation 

in the peak values of mean ICP of rats may be due to some anatomical/physiological variation 

amongst rats and their response(s) to Kaolin or its injection/placement itself. The AP and HR 

of the rats initially increased mildly post-Kaolin surgery, but quickly stabilised with a slightly 

declining trend as time progressed following Kaolin surgery (i.e. a drop of ~15 mmHg for AP 

and ~50 bpm for HR), the individual trends followed the group means as shown in Figure 13. 

This declining trend may be attributed to the reduction in physical activity of rats post-Kaolin. 

As they tend to mostly rest and sit quietly in their home cages while their mean ICP levels 

increase post-Kaolin. To check that the reduction in physical activity was not simply due to 

the injection of fluid into the intracranial space or the effect of surgery, anesthetic etc. in ICP 

and AP, sham saline injections were used in a subset of rats. These rats showed no sustained 

effect of the sham injection on their ICP or AP, nor a reduction in their physical activities.  

The time domain analysis on control group8 rats (n = 7) revealed the mean ICP was 6 ± 1 mmHg 

over 24 hours and showed a strong cyclic rhythm of ~1 cycle/sec (corresponding to 

respiration). An example of a control rat’s ICP and AP signal waveform is shown in Figure 14. 

Under control conditions, the ICP waveform in the analysed rats did not show any high 

frequency oscillations at the cardiac frequency. Additionally, Frequency domain analysis on 

stable signal segments of control rats verified, that the ICP signal spectrum consisted of a 

                                                       
8 The rats used in control group/under control condition after kaolin surgery were, used in hydrocephalic group. 
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strong spectral component at ~1 Hz and its associated harmonics (corresponding to 

respiration). 

 

Figure 13: (Top plot) Rat’s group (n = 7) mean ICP level ± SE over ~32 hours, with mean ICP levels shown before and after 
Kaolin-induced hydrocephalus surgery. The group mean ICP level has a rising trend and reaches its maxima of ~25 mmHg, 
approximately ~16 hours after surgery. (Middle plot) Rat’s group (n = 7) mean AP level ± SE over ~32 hours, with mean AP 
levels shown before and after Kaolin-induced hydrocephalus surgery. The group mean AP is stable and has a declining 
trend with respect to time this may due to a reduction in their physical activity. As they tend to mostly, rest and sit quietly 
in their home cages with an increase in their mean ICP levels. (Bottom plot) Rat’s group (n=7) mean HR level over ~32 
hours, with mean HR levels shown before and after Kaolin-induced hydrocephalus surgery. The group mean HR is very 
stable and has a declining trend with respect to time this may due to a reduction in their physical activity. As they tend to 
mostly, rest and sit quietly in their home cages with an increase in mean their ICP levels. 
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The ICP spectrum had several low amplitudes and low-frequency components ranging from 

8.5 mHz to 0.2 Hz (i.e. in the slow wave band) and from 0.2 Hz to 0.5 Hz (i.e. in Mayer wave 

band) with no significant spectral components in frequencies higher than 2 Hz (i.e. no cardiac-

related frequencies at baseline levels). An example of an individual control rat’s ICP spectrum 

shown in the top plot of Figure 15. Additionally in control rats, (i.e. at control levels of mean 

ICP) the spectral band magnitudes of the slow wave, Mayer wave, respiratory and cardiac 

bands in the ICP spectrum had no obvious trend (i.e. neither increasing nor decreasing, as 

expected). Hence, they remained constant over minor fluctuations in the mean ICP levels (i.e. 

fluctuations within the range of control levels) and are not shown here. Kaolin rats, on the 

other hand, contrast this pattern by showing a significant linear increase in their spectral band 

magnitudes (based on their group R2 values, in all bands), with an increasing mean ICP level 

post Kaolin as discussed below. 

 

Figure 14: An example of a control (Left) and a Kaolin (Right) rat’s ICP and AP signals in time domain. (Top Left Plot) Control 
rat’s mean ICP ~ 7 mmHg with slow cyclic, respiration-related oscillations at 1 Hz; (Bottom Left Plot) Control rat’s mean 
AP ~ 115 mmHg with cyclic cardiac oscillations at ~ 6 Hz; (Top Right Plot) Kaolin rat’s mean ICP ~ 23 mmHg with faster 
cardiac oscillations coming through at ~ 6 Hz; (Bottom Right Plot) Kaolin rat’s mean AP ~ 130 mmHg with cyclic cardiac 
oscillations at ~ 6 Hz. 
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Figure 15: An example of the contrast between ICP spectrum of a control and Kaolin rat; (Top Plot) control rat with a 
respiration-related spectral peak at ~ 1 Hz, the smaller ~ 2 Hz spectral peak is the harmonic of 1 Hz peak. There are no 
prominent peaks in the cardiac or slow wave bands between ~ 5 – 7 Hz and 0.0083 – 0.05 Hz respectively; (Bottom Plot) 
Kaolin rat with a respiration-related spectral peak at ~ 1 Hz, cardiac-related peak at ~ 5.5 Hz and prominent peaks in the 
slow wave band. 

In Kaolin rats (n = 7, i.e. control rats post Kaolin surgery), mean ICP increased over ~25 mmHg 

for 4 rats and was close to ~20 mmHg for 3 rats during 24 hours following surgery. An example 

of an individual Kaolin rat’s ICP and AP signal waveform is shown in Figure 14. At elevated 

mean ICP levels, the faster cyclic rhythm of ~6 cycle/sec (corresponding to cardiac rhythm) 

became evident. This was confirmed by a strong peak in the ICP spectrum around 5-7 Hz 

(corresponding to cardiac rhythm), that was initially absent in healthy/control rats. An 

example of an individual Kaolin rat’s ICP spectrum is shown in Figure 15 (Bottom plot). The 

spectral band magnitudes of the slow wave, Mayer wave and cardiac bands in the ICP 

spectrum of Kaolin rats showed linear dependence with the increase in individual mean ICP 

level post Kaolin (Figure 16, Figure 18 and Figure 22). The spectral band magnitudes of the 

respiratory band showed a nonlinear response to an increase in individual mean ICP levels. 

There was a strong linear dependence (represented by the R2 value of the line of best fit) of 

the slow wave, Mayer wave and cardiac spectral band magnitudes with respect to increase in 

mean ICP level for the entire Kaolin group/population, respectively (Figure 17,Figure 19 and 

Figure 23). The individual respiratory band responses for all rats shows the nonlinear 

dependence of the population’s respiratory spectral band magnitude with increasing mean 

ICP level (Figure 20 & Figure 21). The respiratory group spectral band magnitude remains 

nearly constant until a mean ICP of ~17 mmHg and shows a linearly increasing trend with 

increasing mean ICP values beyond ~17 mmHg, as shown in Figure 21.   
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ICP Spectral Band Plots 

 

Figure 16: ICP slow wave band (8.3 mHz – 0.2 Hz) spectral band magnitude trends post Kaolin for each rat (n = 7) plotted 
with respect to (w.r.t) an increasing individual mean ICP. All rats have an increase in the spectral band magnitudes w.r.t 
rising mean ICP levels; All rats show a steep rise in the spectral band magnitude once mean ICP > 10 mmHg. 

 

 

Figure 17: Rat group (n=7) mean ± SE showing average increase in ICP’s slow wave band’s (8.3 mHz – 0.2 Hz) spectral band 
magnitudes post Kaolin plotted against increasing group mean ICP levels; A line of best fit shows an increasing trend in 
spectral band magnitude for the entire group, with a ~ 92.3 % coefficient of determination (R2 value). 
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Figure 18: ICP Mayer wave spectral band (0.2 Hz – 0.5 Hz) magnitude trends post Kaolin for each rat (n = 7) plotted w.r.t 
an increasing individual mean ICP. All rats have an increase in the spectral band magnitudes w.r.t rising mean ICP levels; 
All rats show a steep rise in the spectral band magnitude once mean ICP > 10 mmHg. 

 

 

Figure 19: Rat group (n=7) mean ± SE showing average increase in ICP’s Mayer wave band’s (0.2 Hz – 0.5 Hz) spectral band 
magnitudes post Kaolin plotted against increasing group mean ICP levels; A line of best fit shows an increasing trend in 
spectral band magnitude for the entire group, with a ~ 95.8 % coefficient of determination (R2 value). 
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Figure 20: ICP respiratory band (0.85 Hz – 2.5 Hz) spectral band magnitude trends post Kaolin for each rat (n = 7) plotted 
w.r.t an increasing individual mean ICP. Most (not all) rats display a non-linear variation in spectral band magnitudes w.r.t 
rising mean ICP levels. 

 

 

Figure 21:  Rat group (n=7) mean ± SE showing an average increase in ICP’s respiratory band’s (0.85 Hz – 2.5 Hz) spectral 
band magnitudes post Kaolin plotted against increasing group mean ICP levels. The respiratory band’s group spectral band 
magnitude remains nearly constant until a mean ICP of ~17 mmHg and show a linearly increasing trend with increasing 
mean ICP values beyond ~17 mmHg.  
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Figure 22: ICP cardiac band (3.5 Hz – 7 Hz) spectral band magnitude trend post Kaolin for each rat (n = 7) plotted w.r.t an 
increasing individual mean ICP. All rats have an increase in the spectral band magnitudes w.r.t rising mean ICP levels. All 
rats show a steep rise in the spectral band magnitude once mean ICP > 10 mmHg. 

 

 

Figure 23: Rat group (n=7) mean ± SE showing average increase in ICP’s cardiac band’s (3.5 Hz – 7 Hz) spectral band 
magnitudes post Kaolin plotted against increasing group mean ICP levels; A line of best fit shows an increasing trend in 
spectral band magnitude for the entire group, with a ~ 92.4 % coefficient of determination (R2 value). 
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The ICP and AP spectra at 1, 5 and 10 hours post-Kaolin surgery from a single rat are shown 

in Figure 24 (A, B and C). Figure 13 and Figure 24 clearly show that mean AP remained 

relatively stable, while mean ICP was increasing due to Kaolin Induced hydrocephalus. In other 

words, the mean input signal (AP) pressure was not changing significantly, especially in the 

first 10 hours post-surgery, with changes in mean ICP due to Kaolin Induced hydrocephalus 

(group mean ICP increased from ~5 mmHg to ~22 mmHg in first 10 hours post-surgery, Figure 

13). In addition, an immediate increase in the spectral band magnitudes of output signal (ICP 

signal), in the slow wave, Mayer wave and the cardiac bands with increasing mean ICP was 

observed (except in the respiratory band that showed a delayed increase in its spectral band 

magnitudes with increasing mean ICP) as shown in Figure 16 to Figure 23. Now, since the 

input signal (AP) mean is not changing significantly during significant changes in the output 

signal’s (ICP) spectrum (i.e. the appearance of spectral components at cardiac frequencies in 

ICP spectrum and increased spectral band magnitudes at slow wave and Mayer wave 

frequencies). Such changes in the output signal (ICP) spectrum (during a nearly constant input 

signal (AP) as mentioned above)  are most likely to occur due to changes in the signal 

transmission characteristics or signal  trans-conductance (i.e. input to output signal gain) 

across the cranial cavity. The change in signal transconductance occurs possibly because of a 

change in cranial compliance due to increasing mean ICP inside a rigid closed cranial cavity. 

To sum up, as the input is not changing then the change in the output most likely comes from 

a change in gain, possibly because of a change in compliance inside the cranium. 
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Figure 24: The changes in the ICP and AP spectra at intervals of 1, 5 and 10 hours post Kaolin. 

 

Figure 24 A:  The ICP and AP spectra of a rat (SG 1422) 1 hour after Kaolin surgery. The ICP waveform spectrum is similar 
to control conditions, except the emergence of the cardiac components (around ~ 5.5 Hz) that were originally absent/ very 
weak under control conditions, now start to become stronger with a small increase in mean ICP levels (from ~6 mmHg to 
8 mmHg) 1 hour post Kaolin. In addition, the mean AP levels and its spectrum do not change significantly; therefore, they 
are omitted in Figures 24 B and 24 C below, which show the ICP spectrum, along with the mean ICP and AP levels over the 
signal duration of spectrum evaluation. The Y and X-axes show the magnitudes (in mmHg) and Frequency (in Hz) 
respectively.    
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Figure 24 B: The ICP spectrum of a rat (SG 1422) 5 hour after Kaolin surgery. Now, a significant increase can be seen in the 
cardiac component strength (around ~ 5.5 Hz) in the ICP waveform spectrum. Also, the strength of the spectral 
components in the slow wave, Mayer wave and respiratory bands increases with increase in mean ICP levels, from ~8 
mmHg in Figure 24 A to 14 mmHg 5 hour post Kaolin. In addition, the mean AP and its spectrum do not change significantly. 
The AP spectrum was similar to the AP spectrum in Figures 24 A. The mean AP and ICP levels are shown in the top right 
corner. The Y and X-axes show the magnitudes (mmHg) and Frequency (Hz) respectively. 

 

Figure 24 C: The ICP spectrum of a rat (SG 1422) 10 hour after Kaolin surgery. The cardiac component strength (around ~ 
5.5 Hz) in the ICP waveform spectrum has further increased. In addition, there is an increase in the strengths of the spectral 
components at the slow wave, Mayer wave and respiratory bands frequencies with increase in mean ICP levels, from ~14 
mmHg in Figure 24 B to 24 mmHg 10 hour post Kaolin. In addition, the mean AP and its spectrum do not change 
significantly, as shown and mentioned previously in Figures 24 A and 24 B above. The Figures 24 A, B and C, clearly show 
that the mean AP (input signal) remains relatively stable, while the ICP spectrum (output signal) changes with 
development of hydrocephalus through accumulation of fluid in the cranium, likely indicating a deterioration in cranial 
compliance. The Y and X-axes show the magnitudes (mmHg) and Frequency (Hz) respectively. 
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Figure 25 to Figure 32 shows the changes in spectral band magnitudes for the slow wave, 

Mayer wave, respiratory and cardiac bands of the input signal (AP) spectrum with increasing 

mean ICP. It may be observed from Figure 13 and Figure 25 to Figure 32 that there is no 

obvious increasing or decreasing trend in the group mean (over 10 hours post-surgery) or the 

group spectral band magnitudes of the input signal (AP). The AP group response for each 

spectral band remained nearly constant when plotted against increasing mean ICP (except 

respiratory band) as shown in Figure 25 to Figure 32. This further supports the idea that 

increase in the ICP’s spectral band magnitudes with increasing mean ICP, results from a higher 

transmission of spectral components between the input (AP) & output (ICP) of the AP-ICP 

system (Figure 33 to Figure 40), and not due to an increase in the spectral band magnitudes 

of the input signal itself (AP signal), as mean ICP increases. 
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AP Spectral Band Plots 

 

Figure 25: AP slow wave band (8.3 mHz – 0.2 Hz) spectral band magnitude trends post Kaolin for each rat (n = 7) plotted 
w.r.t an increasing individual mean ICP; All rats have nearly constant spectral band magnitudes w.r.t rising mean ICP levels. 

 

 

Figure 26: Rat group (n=7) mean ± SE showing average increase in AP’s slow wave band’s (8.3 mHz – 0.2 Hz) spectral band 
magnitudes post Kaolin plotted w.r.t increasing group mean ICP levels. The group’s spectral band magnitude response is 
nearly constant w.r.t rising mean ICP levels. 
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Figure 27: AP Mayer wave band (0.2 Hz – 0.5 Hz) spectral band magnitude trends post Kaolin for each rat (n = 7) plotted 
w.r.t an increasing individual mean ICP; All rats have nearly constant spectral band magnitudes w.r.t rising mean ICP levels. 

 

 

Figure 28: Rat group (n=7) mean ± SE showing average increase in AP’s Mayer wave band’s (0.2 Hz – 0.5 Hz) spectral band 
magnitudes post Kaolin plotted w.r.t increasing group mean ICP levels. The group’s spectral band magnitude response is 
nearly constant w.r.t rising mean ICP levels. 
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Figure 29: AP respiratory band (0.85 Hz – 2.5 Hz) spectral band magnitude trends post Kaolin for each rat (n = 7) plotted 
w.r.t an increasing individual mean ICP; Most rats have nearly constant spectral band magnitudes w.r.t rising mean ICP 
levels. 

 

 

Figure 30: Rat group (n=7) mean ± SE showing average increase in AP’s respiratory band’s (0.85 Hz – 2.5 Hz) spectral band 
magnitudes post Kaolin plotted w.r.t increasing group mean ICP levels. The group’s spectral band magnitude response 
slightly increases until ~17 mmHg and does not have any increasing or decreasing trend for mean ICP above this level. 
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Figure 31: AP cardiac band (3.5 Hz – 7 Hz) spectral band magnitude trends post Kaolin for each rat (n = 7) plotted w.r.t an 
increasing individual mean ICP; All rats have nearly constant spectral band magnitudes w.r.t rising mean ICP levels. 

 

  

Figure 32: Rat group (n=7) mean ± SE showing average increase in AP’s cardiac band’s (3.5 Hz – 7 Hz) spectral band 
magnitudes post Kaolin plotted w.r.t increasing group mean average ICP levels. The group’s spectral band magnitude 
response is nearly constant w.r.t rising mean ICP levels.  
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Spectral Band Gain (G = ICP’s SBM/ AP’s SBM) Plots 

 

Figure 33: Gain trends for slow wave band’s (8.3 mHz – 0.2 Hz) spectral band magnitude post Kaolin for each rat (n = 7) 
plotted w.r.t an increasing individual mean ICP. All rats show an increase in the gain w.r.t rising mean ICP levels.  

 

 

Figure 34: Rat group (n=7) mean ± SE showing average increase in gain in the slow wave band’s (8.3 mHz – 0.2 Hz) spectral 
band magnitudes post Kaolin plotted against increasing group mean ICP levels; A line of best fit shows an increasing trend 
in the group spectral band magnitude gain, with a ~ 92.8 % coefficient of determination (R2 value). 
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Figure 35: Gain trends for Mayer wave band’s (0.2 Hz – 0.5 Hz) spectral band magnitude post Kaolin for each rat (n = 7) 
plotted w.r.t an increasing individual mean ICP. All rats show an increase in the gain w.r.t rising mean ICP levels. 

 

 

Figure 36: Rat group (n=7) mean ± SE showing average increase in gain in the Mayer wave band’s (0.2 Hz – 0.5 Hz) spectral 
band magnitudes post Kaolin plotted against increasing group mean ICP levels; A line of best fit shows an increasing trend 
in the group spectral band magnitude gain, with a ~ 96.2 % coefficient of determination (R2 value). 
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Figure 37: Gain trends for respiratory band’s (0.85 Hz – 2.5 Hz) spectral band magnitude post Kaolin for each rat (n = 7) 
plotted w.r.t an increasing individual mean ICP. Most (not all) rats display a non-linear variation in spectral band 
magnitude gains w.r.t rising mean ICP levels.  

 

 

Figure 38: Rat group (n=7) mean ± SE showing average increase in gain in the respiratory band’s (0.85 Hz – 2.5 Hz) spectral 
band magnitudes post Kaolin plotted against increasing group mean ICP levels; The group spectral band magnitude gain 
displays a non-linear variation w.r.t rising mean ICP levels. 
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Figure 39: Gain trends for cardiac band’s (3.5 Hz – 7 Hz) spectral band magnitude post Kaolin for each rat (n = 7) plotted 
w.r.t an increasing individual mean ICP. All rats show an increase in the gain w.r.t rising mean ICP levels.  

 

 

Figure 40: Rat group (n=7) mean ± SE showing average increase in gain in the cardiac band’s (3.5 Hz – 7 Hz) spectral band 
magnitudes post Kaolin plotted against increasing group mean ICP levels; A line of best fit shows an increasing trend in 
the group spectral band magnitude gain, with a ~ 92.9 % coefficient of determination (R2 value). 
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 Discussion 

In these experiments, we analysed the relationship between ICP & AP signals in control and 

Kaolin-induced hydrocephalic rats. The slow wave, Mayer wave and the cardiac band results 

(i.e. spectral band magnitudes in these bands increase with an increase in mean ICP due to 

Kaolin-induced hydrocephalus ) shown in Figure 16 to Figure 23 can be understood using the 

Monro-Kellie doctrine (12). Monro-Kellie doctrine states that the overall intracranial 

compliance equals the sum of compliances of individual cranial component enclosed inside a 

rigid, incompressible skull. Assuming, that as Kaolin-induced hydrocephalus leads to 

chronically elevated ICP levels, it possibly alters the cerebrovascular mechano-elastic 

properties to accommodate for the slow build-up of CSF volume within the cranium (63,226–

228). Such chronically elevated ICP levels might also apply a resultant force, pushing the 

ventricular CSF radially outwards towards the skull and the CSF trapped below the meninges 

(i.e. just under the skull) radially inwards towards the ventricles. Now, consider the CSF 

circulation pathway in the brain, it shows that the brain parenchyma will be sandwiched 

between these radially opposing forces. Such forces on the parenchymal tissue will compress, 

squeeze and stress it. This compression might increase the effective intracranial component 

stiffness causing an overall reduction in intracranial compliance. Under such conditions, the 

inherent auto-regulatory and pressure-volume compensatory behaviour of the cerebral 

vasculature might be compromised. Such constantly opposing forces on the brain 

parenchyma, may constrain the cerebral arterial pulsations and enhance the cerebral capillary 

pulsatility (229), due to the effective reduction in the windkessel mechanism leading to an 

abnormal pressure and volume transfer into the brain capillaries (229). This, coupled with a 

reduction in the intracranial compliance, would enable the oscillations in cerebral blood 

volume and/or in cerebral blood pressure (or AP) to be transferred into ICP, with an effectively 

larger transconductance factor or input to output signal amplification gain (Figure 33 to Figure 

40). This enhanced transmission gain contrasts the lower transmission gain observed in the 

highly compliant and well auto-regulated cerebral vasculature in a control animal (i.e. no 

change in ICP or AP spectral band magnitudes was observed over time, hence the figures are 

not included here). 
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It is my understanding that such an increase in the transmission gain with an increasing mean 

ICP level due to KIH, results in the linear increase observed in ICP’s cardiac, Mayer wave and 

slow wave bands’ spectral band magnitudes. 

However, the trend of ICP’s respiratory band’s, group spectral band magnitude is different 

from the trend observed in the other three bands’ (namely, slow wave, Mayer wave, and 

cardiac bands) group spectral band magnitudes with increasing mean ICP. We would have 

expected a linear increase to happen in all four spectral bands due to a reduction in 

compliance. Additionally, it can be seen from Figure 30, Figure 21 and Figure 38 that the 

increased spectral band magnitude from the input (AP) signal spectrum (with increasing mean 

ICP till ~17 mmHg), is not transmitted through to the output (ICP) signal spectrum, at 

respiratory band frequencies. This suggests there may be other underlying 

physiological/anatomical factors that influence/govern the trans-conduction of the spectral 

components between input and output at the respiratory band frequencies. Based on the 

Monro-Kellie doctrine a reduction in compliance is expected to influence all 4 bands 

identically. However, the variations observed in results of the respiratory group band 

magnitudes when compared to the other 3 bands may suggest, that the behaviour displayed 

by the cranial compartment under Kaolin induced hydrocephalic conditions may be somehow 

altered due to some yet to be understood physiological/neurological reasons/parameters. 

The group spectral band magnitudes of ICP’s respiratory band do not display a clear increasing 

trend (with increasing, mean ICP) until the group mean ICP level reaches a threshold of ~17 

mmHg, as shown in Figure 21. Figure 21 shows that the group spectral band magnitudes 

remain nearly stable until mean ICP level of ~17 mmHg, and then increases with further 

increase in mean ICP. This increase in spectral band magnitude above a mean ICP level of ~17 

mmHg is consistent with the increasing trend of spectral band magnitudes observed in the 

group response of the other three bands. Observing the respiratory band’s spectral band 

magnitudes in the input (AP) signal spectrum (with increasing mean ICP, Figure 30), we notice 

that the spectral band magnitudes display a faint increasing trend initially (with an increase 

in mean ICP, Figure 30). However, this increasing trend in AP’s respiratory spectral band 

magnitudes disappears for mean ICP levels beyond ~17 mmHg as shown in Figure 30. Now, if 

we look at Figure 21 and Figure 38 for ICP’s respiratory group spectral band magnitudes and 

the input-output signal gain between ICP and AP (with increasing mean ICP) beyond ~17 
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mmHg, respectively. We can notice, that although the input (AP) signal’s respiratory spectral 

band magnitudes are nearly constant beyond mean ICP of ~17 mmHg, their magnitude 

increases in the output (ICP) signal’s spectrum and consequently in the gain plot (Figure 38). 

This further implies that there may be some unknown mechanism, parameter or reason 

governing the transfer/trans-conduction between AP and ICP under Kaolin induced 

hydrocephalic condition of the cranio-spinal chamber.  

Although, high ICP can invoke Cushing’s effect causing respiratory irregularities, increased AP 

and bradycardia (106). Hence, there is a possibility that such respiratory irregularities may be 

responsible for the observed differences in the trend of ICP’s respiratory group spectral band 

magnitude as discussed above. However, it is still debated whether the Cushing’s effect is an 

acute pathological response or part of the larger physiological reflex mechanism for AP 

control and homeostasis regulation (107). Moreover, this contrast in the trend of ICP’s 

respiratory group spectral band magnitudes (Figure 21) when compared to the trends of the 

other three group spectral band magnitudes with increasing mean ICP, maybe due to one or 

more of the following reasons. 

Reason 1: In the spectral analysis of the AP-ICP system of the rat with increasing mean ICP 

due to KIH, we are assuming that the input (AP) to output (ICP), system transconductance 

gain would be similar across all frequency bands (i.e. slow wave, Mayer wave, respiratory and 

cardiac bands). Thus, we would expect a similar trend (linear with increasing mean ICP) of 

spectral band magnitudes across all frequency bands. However, in reality, the input (AP) – 

output (ICP) system transconductance gain may not be similar in different frequency bands 

and may change its transconductance characteristics across the four ICP spectral bands. In 

other words, the input-output transconductance gain maybe linear piecewise (i.e. more linear 

at certain frequency bands than the others), and therefore we will observe varying degree of 

linearity amongst the four analysed frequency bands. In addition, the idea of piecewise linear 

functions has been used previously to describe physiological system behaviour in studies 

(194,230–233). Wilhelm FH et al. (234), apply the idea of piecewise linearity to cardiovascular 

systems and Klaus Peter Brodersen et al. (235), use the same idea for modelling of respiration 

patterns in Chironomids (Diptera). 
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Reason 2: I propose, that a possible reason for such behaviour of the respiratory band’s group 

spectral band magnitudes (with increasing, mean ICP Figure 21) may be explained by the fact, 

that the physical movement of the lungs and thoracic cavity induces the respiratory 

component in AP. The depth of breathing/respiration might be changing and thus the AP 

respiratory fluctuations may change (we did not directly measure breathing depths and 

pattern in each animal). This respiratory component from AP is then possibly transferred to 

ICP through interaction between ICP and AP in the cranial and spinal chambers. Whereas, 

slow wave components may be partly myogenic and they along with the Mayer wave and 

cardiac components are possibly transferred differently to respiratory components due to the 

differences in their frequencies and varying degree of piecewise linearity at these spectral 

bands, as explained previously in Reason 1.  

In addition, considering that the depth of respiration depends on breathing, a muscle 

movement intensive physiological activity, the combined contribution of its small but many 

spectral components within the respiratory band (of the ICP spectrum) is probably already 

stronger/higher, to begin with, i.e. starting at ~6 mmHg, Figure 21. As opposed to the lower 

starting group, spectral band magnitude values of the other three bands, i.e. ~2 mmHg for 

slow wave, ~1 mmHg for Mayer wave and ~3 mmHg in the cardiac band (Figure 17, Figure 19 

and Figure 23). Therefore, the respiratory band may not be impacted as much as the other 

spectral bands by an initial increase in mean ICP values below ~17 mmHg (or in effect an initial 

decrease in cranial compliance). Thus, the increasing trend in this spectral band may only be 

observed after the mean ICP has crossed a minimum threshold level (i.e. similar to the 

respiratory group response threshold at ~17 mmHg, Figure 21). It may be argued that at this 

ICP level, the cerebral compliance has reduced enough to show a significant/noticeable 

increase in the respiratory band’s spectral band magnitudes. Hence, the respiratory group 

spectral band magnitudes in Figure 21 begins to show an increasing trend only after the mean 

ICP has crossed ~17 mmHg. Whereas, such a mean ICP (or cerebral compliance change) 

threshold maybe lower in other three bands, that show an immediate increase in the group 

response to increasing mean ICP values (Figure 17, Figure 19 and Figure 23). Additionally, the 

above mentioned reasons/effects maybe more pronounced in the rats due to their small 

anatomical size and higher physiological signal frequencies in comparison to larger animals 

like dogs (194), sheep and humans.          
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Reason 3:  Another possible hypothesis for such a behaviour could be that the respiratory 

component in ICP signal is possibly a superposition of two separately induced respiratory 

signals. That is, the respiratory component in the ICP waveform consists of two parts. The first 

part may be transferred through the exchange of respiratory fluctuations from AP signal into 

the ICP signal within the cerebral vasculature, due to the circulation of blood in cerebral 

vessels (236). I propose, based on the fact that, the spinal CSF is constantly exposed to the 

extensive physical movement of the thoracic cavity during breathing, that the second part 

maybe physically induced in the CSF circulating around the spine due to the expansion and 

contraction of the thoracic cavity during breathing (237). Thus during the course of 

development of hydrocephalus in rats, although a reduction in cranial compliance may allow 

for an enhanced transfer of the first part of the respiratory waveform component from AP 

into ICP. However, the contribution of the second component towards the respiratory 

spectral amplitude may decrease, due to CSF pressure build up and decreased CSF circulation 

during Hydrocephalus. This second spinal CSF respiratory component’s strength may also 

decrease as the rats sometimes breathe faster and shallower during the development of 

hydrocephalus (this was evident from the changes in location/spread of the respiratory band 

frequency peaks of the ICP spectrums at different intervals. The depth of breathing was not 

measured, and is not always apparent from the video). This would reduce the overall 

combined respiratory spectral band magnitude in the ICP signal and may result in a nearly 

constant spectral magnitude observed until mean ICP threshold of ~17 mmHg. Beyond this 

threshold, the cranio-spinal compliance is possibly already reduced enough that the 

transmission of respiratory oscillations into ICP experiences little to no resistance from the 

vasculature and is transferred almost linearly as shown in Figure 21. 

Another interesting observation mentioned previously was, the ICP waveform in rats under 

control conditions did not show any high frequency oscillations at the cardiac frequency (i.e. 

around ~ 5-7 Hz), but had respiratory and lower frequency components (< ~ 3Hz). While some 

authors have previously proposed the presence of cardiac and respiratory pulsations to be a 

criterion for satisfactory ICP tracing (238).  Others have shown obtaining a stable ICP 

waveform with respiratory oscillations (similar to ICP waveform obtained from the conscious 

control rats in this study) was sufficient (239–242). Moreover, the cardiorespiratory 

pulsations observed in (238), were under the influence of anesthesia and not in conscious 
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freely moving rats (as used in this study). In addition, the ICP recordings during the telemeter 

implantation surgery under anesthesia in our rats had the above-mentioned cardiac related 

pulsations. Possibly, the cerebral vasculature under anesthesia represents a different 

vasculature state that allows cardiac oscillations through and maybe is different to the 

vasculature state under conscious conditions in free moving animals. Also, the fact some 

researchers maybe actively looking for such cardiac pulse in ICP waveform might be selecting 

for it by inserting the sensor in the brain parenchymal tissue somewhere close to blood vessel. 

Furthermore, we placed the ICP telemeter subdurally, making sure this procedure did not 

damage or rupture the parenchymal tissue of the relatively small rat brain and alter the 

vasculature per se, due to bleeding, clotting or parenchymal tissue repair prior to the 

experimentation. 

Finally, the main observations from these experiments can be summarised as follows. 

There was a significant change in the ICP signal with the development of KIH, as was shown 

in Figure 14. The ICP waveform under control conditions did not have any cardiac related 

oscillations, however with the development of KIH oscillations in complete synchrony with 

cardiac cycle were observed in the ICP waveform. Such changes observed in the ICP waveform 

(with the development of KIH) were further verified through spectral analysis of the ICP 

waveform, as was shown in Figure 15. The frequency domain analysis between AP & ICP 

revealed that the signal transconductance cut-off frequency (through the cranium, under 

control conditions) changes with the progression of hydrocephalus to allow initially blocked 

faster cardiac oscillations to develop in ICP. 

Additionally, the spectral analysis of the ICP-AP closed loop system with increasing mean ICP 

revealed a reduction in cranial compliance, which is in consensus with the mainstream 

scientific understanding of hydrocephalus development in humans and other animal models. 
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 Limitations of this Chapter 

A small animal, such as the rat, offers a number of advantages over larger animals, e.g., space, 

cost, and availability, while posing a number of challenges, e.g., small brain size, marked 

postural changes during activity and higher physiological signal frequencies in comparison to 

larger animals (like sheep) and humans. 

Additionally, when working with conscious animals despite our best efforts, there is a 

possibility that some physical movements might remain unnoticed and influence the recorded 

signal waveforms. 

Despite the challenges mentioned above, these results (in rat) indicate that as hydrocephalus 

develops, through the accumulation of fluid in the cranium, the compliance of the AP-ICP 

system decreases allowing faster frequencies in AP to be transmitted to ICP. Further 

investigation in the next chapters will explore the relationships amongst ICP, AP, and 

sympathetic nerve activity to understand the mechanisms responsible for changes in ICP & 

AP waveform dynamics with the development of hydrocephalus in a large animal model 

‘sheep’. 
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Chapter 4. ICP dynamics in conscious sheep with raised ICP 

Chapter 1 pointed out that the lack of ICP recordings in healthy individuals and scarcity of 

long-term recordings in patients and conscious animals, limits our current understanding of 

the normal regulation of ICP and the ICP-AP relationship. The previous chapter discussed ICP 

waveform dynamics in conscious healthy and hydrocephalic rats. Analysis of such dynamics 

in rats provided critical insights regarding the healthy ICP waveforms and how they change 

during the development of hydrocephalus (induced using Kaolin). However, the physiological 

signal frequencies in rats are much higher than those in humans (e.g. heart rate/ cardiac 

frequency in rats is 300 – 400 BPM as compared to 50 – 90 BPM in humans). Additionally, the 

reason for using a small animal model, as “rat”, was that it offers a number of advantages 

over larger animals e.g. space, cost, availability, etc. However, it also poses a number of 

challenges such as small brain size, marked postural changes during activity, less resemblance 

to human ICP waveform, etc. We can overcome such challenges by using a larger animal 

model such as the “sheep”. The sheep ICP waveform also revealed greater resemblance than 

rats’ ICP waveform to the human ICP waveform, as shown later in this chapter. Hence 

considering the factors above, it is worthwhile to investigate and analyse the ICP waveform 

dynamics and its relationship to AP in conscious sheep. As this offers prospects of furthering 

the understanding of healthy human ICP waveform dynamics and ICP-AP relationship.  

This chapter uses the analysis methods outlined in chapter 2, to explore the ICP-AP system 

dynamics in sheep. The data acquisition process and the waveform analysis protocols used in 

sheep are outlined in the next section. The aim of the work described in this chapter is to 

advance the understanding of the characteristics and interactions between the ICP & AP 

signals in control and high ICP sheep (i.e. ICP raised by injecting sterile saline chronically in 

the brain ventricles). By analysing the data in time and frequency domains to explore the AP-

ICP relationship and how this relationship changes with artificially raised ICP. 
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 Methods 

All animal experiments were approved by the University of Auckland’s Animal Ethics 

Committee. Experiments were started when sheep got accustomed to laboratory conditions 

and human contact. All sheep were housed in individual metabolic home crates. In the sheep 

housing room, multiple home crates were kept such that the sheep were in close proximity 

and constant visual contact with one another. Sheep had a constant supply of food and water, 

except for the short durations during intra-cerebro ventricular (ICV) infusion experiments. 

This was done to minimise the ICP signal variability due to head movements while eating and 

drinking. The sheep housing room was maintained at a constant temperature (18°C) & 

humidity during an automated 12-12 h dark-light cycle (lights on from 0600 to 1800 h). 

 Surgery 

Non-pregnant adult ewes weighing 40-70 kg (n= 14) underwent surgery to implant two solid-

state pressure catheters (model: SPR-524, Millar, Houston, TX) for the measurement of ICP & 

AP respectively, Figure 41. One catheter was inserted into the carotid artery for AP 

measurement and the other tunnelled subcutaneously into the skull for subdural ICP 

measurement. In 7 animals, 8-10 needle electrodes were inserted into the left renal 

sympathetic nerve for the measurement of renal sympathetic nerve activity (RSNA) signals, 

using the procedures described in publications (243–247). The cranium was sealed around 

the ICP catheter using Gelfoam and dental impression material. An ICV cannula made from 

stainless steel guide tubing was also inserted such that its tip was 5 mm above the lateral 

cerebral ventricles, and secured firmly to the skull for ICV CSF infusion. The ICV cannula and 

ICP catheter were secured in place using stainless steel screws and dental cement. A jugular 

catheter was also inserted for intravenous infusion and drug administration, as shown in 

Figure 41. Sheep received pain relief and antibiotics, as needed, post-surgery. To minimize 

any effect of surgical stress and allow AP and ICP values to return to baseline values, the sheep 

were allowed to recover for at least 4 days before ICV infusion experiments were started.  
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Figure 41: Schematic showing the approximate locations of the implanted pressure catheter for measuring ICP and AP 
signals in sheep experiments. One catheter was inserted into the carotid artery for AP measurement and the other 
tunnelled subcutaneously into the skull for subdural ICP measurement (see a zoomed Side view of the blue halo on sheep 
diagram). An intra-cerebroventricular (ICV) cannula made from stainless steel guide tubing was also inserted so the tip 
was 5 mm above the lateral cerebral ventricles for ICV CSF infusion (see a blue halo on the sheep diagram and its zoomed 
Top view). The ICV cannula and ICP catheter were secured in place using stainless steel screws and dental rubber cement 
(see Side view). A jugular catheter was also inserted for intravenous infusion and drug administration (see sheep diagram). 

All the surgeries for sensor and electrode implantation in sheep were performed by Dr. Rohit 

Ramachandra (senior lecturer at the department of Physiology, The University of Auckland). 

I assisted him in the operation theatre during all these surgeries, which helped me develop a 

good understanding of the entire surgical process used in the experiments described below. 

Further, assistance in surgeries provided a practical understanding of the anatomy and 

physiology in sheep (in addition to the theoretical understanding gained through literature 

review and books). This enabled the analysis of experimental data to be performed with a 

strong mathematical/engineering focus and a sound physiological understanding. In addition, 

a significant amount of time was spent on understanding the nature and behaviour of the ICP 

and AP signals in sheep. By physically watching (live in the lab) the changes ICP and AP signal 

dynamics due to movements in conscious sheep, and also chronic recordings of such signals 

with synchronised sheep movement video to understand what affects do various postural and 

physiological movement/changes have on these signals.  
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 Data acquisition 

On the day of each experiment, the ICP and AP pressure catheters were connected to a dual 

channel pressure control unit (PCU-2000, Millar Inc., Houston TX). The ICP, AP, and RSNA 

signal data were recorded using PowerLab and LabChart (ADInstruments, v8.15, Sydney, 

Australia) at a sampling frequency of 1 kHz and then imported into MATLAB (MATLAB R2015b, 

MathWorks, Inc.) for detailed analysis. RSNA data was recorded using a differential amplifier 

between the pair of electrodes with the best signal-to-noise ratio and was amplified 

(100,000x) and filtered (band-pass 400 –1,000 Hz), based on references (243–247). RSNA 

signal data thus collected was used for the analysis performed and discussed in the next 

chapter. A webcam was used to video the sheep and monitor their movements. This video 

was captured by LabChart in synchronisation with the ICP, AP and RSNA recordings, and was 

used to discard data segments with changes due to the rapid head and body movements 

Figure 42. The signal data was recorded in all animals on at least 4 separate days for 

understanding signal baseline values and the experiments described in this and the next 

chapter. The signal data (for the experiment to raise ICP, as described below) was acquired 

for 90±15 minutes before (for baseline values on the day of experiments), during and after 

ICV infusion experiment (to make sure ICP returned to its baseline values after infusion was 

stopped, explained in the next section). Experiments were conducted on healthy conscious 

sheep while they were standing in their home crates. 

 Artificially raised ICP through Intra-cerebro ventricular infusion 

At least 4 days after AP & ICP pressure sensor implantation, ICP in sheep was raised by 

continuous infusion of sterile saline into the brain ventricles (248), injected through the ICV 

cannula using a syringe pump (Harvard Apparatus, USA). The rate of infusion was varied to 

raise ICP at least ~15 mmHg above the baseline levels and maintain it at such levels. The 

addition of sterile saline into the fixed volume of the rigid cranial vault gradually raised ICP, 

such addition of sterile saline into brain ventricles probably mimics the idea of hydrocephalus 

due to overproduction of CSF (249–253). The ICV infusion was stopped if behavioural changes 

(head position, panting etc.) were noted. This occurred in three animals when the ICP levels 

reached > 25 mmHg. 
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 Data Analysis 

1. The analysis in the time domain 

This analysis was performed to understand the underlying relationships between the 

AP and ICP signals with the passage of time in sheep, both before (i.e. control group) 

and after saline infusion9 to artificially raise ICP (i.e. high ICP group).  It is crucial to 

understand the signal characteristics properly before performing any data analysis 

techniques. This was done by observing the animal movements and the changes 

associated with them in signal dynamics, by physically observing the animals and 

signals in real time in the lab and by looking at the synchronised recordings of the 

signals and video data. The video was used to exclude data segments where the 

animals’ physical movements disturbed the intrinsic ICP signal dynamics. It is 

important to understand that the changes in the ICP signal behaviour due to animal’s 

physical movement are not signal artefacts, but an actual response in the signal 

dynamics due to an external impetus (physical movement). In this analysis, we were 

more focused on understanding the inherent ICP signal behaviour, unaffected by any 

animal movement, as shown below in Figure 42. 

For further analysis of the data, five-minute data segments of the ICP and AP signals 

were selected every 10±1 minutes from the experiment’s data recordings, based on 

the absence of artefacts and apparent stationarity of ICP and cardiovascular variables. 

HR was calculated from AP using cyclic measurements in LabChart. The ICV cannula 

for CSF infusion was inserted at least 50 min before the infusion began. This was done 

to make the animal accustomed to the cannula and avoid any signal artefacts during 

the experiment. All data segments were processed in MATLAB to visualise and analyse 

their spectral composition. 

                                                       
9 The same ‘control’ group sheep after and during sterile saline infusion were, used for ‘high ICP’ group. 
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Figure 42: An example of big spikes in ICP due to head and body movements. Measures such as removing food and water 
to minimise head and body movements were implemented, and they reduced the signal variability due to physical 
movements significantly. However, if spikes were found in the recorded data, they were not included in the analysis; 
Figure also shows ICV saline infusion resulting in a ramp in ICP and AP signals. 

2. Frequency domain signal analysis 

To understand the spectral composition of these signals they were also analysed in 

the frequency domain.  Discrete Fourier transform was calculated using MATLAB’s 

(MATLAB R2015b, MathWorks Inc.) “fft” algorithm  based on the high performance 

implementation of the Cooley-Tukey fast Fourier transform (FFT) algorithm (222,223), 

for each of the five-minute ICP and AP data segments to visualise the spectral 

composition of the signals under control and Kaolin conditions. The signals were 

downsampled/resampled to 50 Hz using the ‘decimate’ function in MATLAB (214). 

Down-sampling the signal at exactly the Nyquist rate (i.e. 20 Hz for this analysis) is 

suitable only for signals that are infinitely long and perfectly bandlimited (208–

210,213,215), as discussed in chapter 2. Such conditions do not exist in real/actual 

signals being sampled or resampled due to non-ideal low-pass filtering, issues with the 

16-19 expt 12 Sep 2016.adicht

IC
P

 (
m

m
H

g
)

0

5

10

15

20

25

30

35
IC

P
 i
n
fu

s
io

n
 5

m
l/
h
r

C
S
F
 1

0
m

l/
h
r

1
5
 m

l/
h
r

B
P

 (
m

m
H

g
)

80

90

100

110

120

130

9:40:00 AM 9:45:00 AM 9:50:00 AM 9:55:00 AM 10:00:00 AM 10:05:00 AM 10:10:00 AM
1 2 3

12-Sep-16 9:35:38.156 AM

Sheep ICV saline infusion 

Spikes in signals 
due to big head & 
body movements. 
Such signal spikes 
were not included 
in analysis. 

2
0

 

IC
P

 

(m
m

H
g

) 

A
P

 

(m
m

H
g

) 



ICP dynamics in conscious sheep with raised ICP 

Thesis Chapter 4 Page 81 

slow filter passband to stopband roll off and non-infinite length signals etc., thus 

resampling at higher rates than the intended Nyquist rate is generally recommended. 

Both ICP and AP signal segments were smoothed using a 3.5 min long Hanning window 

(with a 90% overlap, to calculate and average multiple DFTs to improve accuracy) and 

transformed to frequency domain using MATLAB’s FFT algorithm. This allowed the 

frequency bins to be chosen in such a way that we were able to accurately measure 

changes in frequencies from ~4.7 mHz to ~10Hz, as most physiological frequencies of 

interest lie within this range. The magnitude spectrum from each sheep data segment 

was split into the following spectral bands, 

Name of the spectral band Sheep band range          Vs.   Human band range 

Slow wave band 8.3 mHz – 0.05 Hz 8.3 mHz – 0.05 Hz 

Mayer wave band 0.075 Hz – 0.175 Hz ~ 0.1 Hz 

Respiratory band 0.2 Hz – 0.56 Hz 0.15 Hz – 0.34 Hz 

Cardiac band 0.75 Hz – 1.75 Hz. 1 Hz – 1.5 Hz 

 

These spectral bands10 and their boundaries were selected using methods and ideas 

similar to those previously outlined in sections 2.1.3 and 3.1.4. The approximate 

position of each spectral band in sheep’s ICP and AP spectrums are illustrated in Figure 

43. Briefly, the slow wave band range was based on the slow wave-like oscillations in 

the analysed sheep ICP waveform. The respiratory and cardiac band ranges were 

based on the rate of respiration and cardiac rate in the analysed sheep. Finally, by 

analogy with observations made in humans and other similar sized animals like dogs, 

and presence of spectral components around ~0.1 Hz (i.e. 0.075 Hz – 0.175 Hz) in 

sheep spectrums, the Mayer waves band was chosen around a characteristic 

frequency of ~ 0.1 Hz in conscious sheep (see section 2.1.3 for more discussion). 

                                                       
10 The spectral band boundaries were calculated by, first establishing the position of the spectral peak of interest 
(say cardiac) on the frequency axis  for each animal (i.e. in case of cardiac was in the range of 0.75-1.75 Hz, or 
45-105 BMP), in their respective FFT spectral plots. Then by arranging the frequency axis values thus obtained 
(for each animal) into a group. Followed by analyzing the minimum and maximum values for that peak of interest 
(say cardiac) in this group of all the cardiac frequency axis values ranges (for each animal). To finally, demarcate 
the lower and upper spectral band boundaries based on the calculated maximum and minimum frequency axis 
values. 
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Additionally, the table above shows that the physiological frequencies of interest in 

sheep closely match the literature defined physiological frequencies of interest in the 

human ICP spectrum (discussed previously in sections 2.1.1 & 2.1.3). Lastly, the 

spectral band magnitude (SBM) for each spectral band in sheep was calculated as the 

sum of all the individual spectral components in that band. The group (n = 12) spectral 

band magnitudes for sheep were then plotted against their group mean ICP level as 

shown in Figure 50 onwards. 

 

 

Figure 43: An example of a healthy/control sheep ICP and AP spectrum until 5 Hz; The yellow, blue, green and red bands 
show the approximate positions of the slow wave (8.3 mHz – 0.05 Hz), Mayer wave (0.075 Hz – 0.175 Hz), respiratory (0.2 
Hz – 0.56 Hz) and cardiac bands (0.75 Hz – 1.75 Hz). The peaks around ~2 and ~3 Hz are the harmonics of the fundamental 
cardiac component around ~1Hz. 

  

ICP 

AP 

Slow wave  
band 

Slow wave  
band 

Cardiac 
band 

Cardiac 
band 

Respiratory 
band 

Respiratory 
band 

Mayer wave  
band 

Mayer wave  
band 

M
ag

n
it

u
d

e
 

(m
m

H
g)

 

M
ag

n
it

u
d

e
 

(m
m

H
g)

 

Frequency (Hz) 



ICP dynamics in conscious sheep with raised ICP 

Thesis Chapter 4 Page 83 

 Results 

Figure 44 and Figure 45 show examples of baseline and high mean ICP time domain selections 

of AP & ICP signal recordings, used for evaluating the spectrum of these signal, for the analysis 

presented in this chapter. In the control group (n = 12) mean baseline levels prior to ICV 

infusion were, ICP 3 ± 2 mmHg, AP 86 ± 2 mmHg and HR 81 ± 15 bpm. In the High ICP group11 

(n = 12), ICV infusion of saline produced a ramped increase in ICP of up to 20 mmHg (over ~35 

minutes). The change in ICP was almost matched by an increase in AP Figure 42 and Figure 

46. Increasing ICP through ICV saline infusion had no effect on the heart rate of the animals. 

The mean ICP levels post ICV infusion increased in each sheep, however, the maximum mean 

ICP level achieved by an individual sheep post ICV infusion varied amongst sheep. Their mean 

maximum levels post-ICV infusion were found to be in the range of ~ 10-26 mmHg, at the 

completion of the 35 ± 5 minute infusion period. Such a variation in the peak values of mean 

ICP of sheep may be due to some anatomical/physiological variation amongst sheep and their 

response(s) to ICV infusion. 

 

 

Figure 44: An example of a baseline ICP & AP signal recording used for spectral calculations. 

                                                       
11 The same ‘control’ group sheep after and during sterile saline infusion were, used for ‘high ICP’ group. 

Example of baseline ICP & BP signal selection for FFT 
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Figure 45: An example of a high ICP & AP signal recording used for spectral calculations. 

 

 

Figure 46: The graph of the change in group mean AP from baseline vs. the change in group mean ICP from baseline. The 
increase in ICP is almost matched by an increase in AP. A line of best fit shows an increasing trend in the group mean AP 
in response to increase in the group mean ICP, with a ~ 98.8 % coefficient of determination (R2 value). 

The time domain analysis on the control group sheep (n = 12) revealed the mean ICP was 3 ± 

2 mmHg over ~35 minutes. Sheep’s time domain ICP signal had a strong cyclic rhythm of ~1 

cycle/sec (corresponding to cardiac rhythm) and resembled in shape to the human ICP 

waveform Figure 47. The control sheep ICP waveform frequently showed three peaks (1st 

peak being higher than the other two peaks) similar to the peaks P1 (Percussions wave), P2 

(Dicrotic wave) and P3 (Tidal wave) present in the human ICP waveform. However, unlike the 

changes in the relative heights and morphology of the peaks in human ICP at elevated levels, 

that are indicative of impaired autoregulation and reduced compliance, the changes in 
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relative heights of the sheep ICP peaks were inconsistent. At high ICP within the same animal, 

the height of the first peak reduced at instances but quickly recovered as mean ICP changed 

further. Similarly, amongst sheep, some had the ICP peeks partially or completely smooth out 

(i.e. inconsistently either the last two peaks smeared out or all peaks into one) while others 

showed spiky ICP waveforms. The conscious sheep analysed in this study showed no uniform 

change in the relative height or morphology of the peaks, which might be consistently 

indicative of the changes in their cranial compliance and therefore are not shown here. An 

example of a control sheep’s ICP and AP signal waveform is shown in Figure 48. Frequency 

domain analysis on stable signal segments of control sheep, verified, that the ICP signal 

spectrum consisted of a strong spectral component around ~1 Hz and its associated 

harmonics (corresponding to cardiac rhythm). 

The control group sheep ICP spectrum had several low amplitudes and low-frequency 

components ranging from 8.5 mHz to 0.05 Hz (i.e. in the slow wave band), from 0.075 Hz to 

0.175 Hz (i.e. in Mayer wave band), from 0.2 Hz to 0.56Hz (i.e. in respiratory band) and from 

0.75 Hz to 1.75 Hz (i.e. in cardiac band). The presence of cardiac related components around 

~1 Hz in control sheep’s ICP spectrum was in contrast to the control rat’s ICP spectrum where 

cardiac-related frequencies were absent at control ICP levels. This may be because sheep have 

significantly lower cardiac frequencies than rats and are much larger animals with bigger 

skulls than rats. Therefore, the dynamics of the physiological signals in them are likely to be 

quite different. 
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Figure 47: A comparison between normal and high ICP waveforms of the same sheep and that of the human (taken from 
Chestnut et al. (254). The shape of the sheep’s ICP waveform resembles the human ICP waveform, as both have spikes/ 
peaks superimposed on the smooth slow variations in ICP waveform possibly transduced from the AP signal. In sheep, 
such peak increase in number and amplitude with an increase in mean ICP levels. A rat’s ICP waveform (presented in the 
previous chapter) shows significantly lower resemblance to the human ICP waveform and generally does not show such 
peaks/spikes. Such significant resemblance of sheep’s ICP to human ICP could possibly be due to its larger skull size and 
lower physiological frequencies (similar to those of humans), these physiological and anatomical aspects that are absent 
in the rat. 

An example of an individual control sheep’s ICP spectrum shown in the top plot of Figure 49. 

Additionally in control sheep, (i.e. at control levels of mean ICP) the spectral band magnitudes 

of the slow wave, Mayer wave, respiratory and cardiac bands in the ICP spectrum had no 

obvious trend (i.e. neither increasing nor decreasing, as expected). Hence, they remained 

constant over minor fluctuations in the mean ICP levels (i.e. fluctuations within the range of 

control levels) and are not shown here. Sheep after ICV saline infusion, on the other hand, 

contrast this pattern by showing a significant linear increase in their spectral band magnitudes 

(based on their group R2 values, in all bands), with an increasing mean ICP level post ICV 

infusion as discussed below. 
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Figure 48: An example of a control sheep’s ICP and AP signals in the time domain. (Top Plot) Control sheep’s mean ICP ~ 3 
mmHg with slow cyclic, cardiac-related oscillations at 1 Hz; (Bottom Plot) Control sheep’s mean AP ~ 95 mmHg with cyclic 
cardiac oscillations at ~ 1 Hz. 

 

Figure 49: An example of the contrast between ICP spectrum of a control and high ICP sheep; (Top Plot) control sheep with 
a small cardiac-related spectral peak at ~ 1 Hz, the smaller ~ 2 and ~3 Hz spectral peaks are the harmonic of the first (~1 
Hz) peak. The spectral peaks in the Slow wave, Mayer wave and respiratory bands i.e. between ~ 0.0083 – 0.05 Hz, 0.075 
– 0.175 Hz and 0.2 – 0.56 Hz are smaller compared to the bottom high ICP spectral plot. (Bottom Plot) high ICP sheep with 
a larger cardiac-related spectral peak at ~ 1 Hz, and larger spectral peaks in the slow wave, Mayer wave, and respiratory 
bands. 

Post ICV infusion in sheep (n = 12), the mean ICP increased by 15-20 mmHg (over ~35 

minutes). An example of an individual sheep’s ICP signal waveform after ICV infusion is shown 
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in Figure 45 and Figure 47 (A, bottom plot). At elevated mean ICP levels, the originally smooth 

ICP waveform pulses (in control sheep) became spikey and irregular and appeared to have 

increased slow wave, Mayer wave, respiratory and cardiac components Figure 47 (A, top and 

bottom plots). The frequency domain analysis confirmed this by showing increased ICP 

spectral components in all four spectral bands. An example of an individual sheep’s ICP 

spectrum post ICV infusion is shown in Figure 49 (Bottom plot). The spectral band magnitudes 

of the slow wave, Mayer wave, respiratory and cardiac bands in the ICP spectrum of the sheep 

with high ICP showed linear dependence with increase mean ICP levels during ICV infusion. 

The strong linear dependence (represented by the R2 value of the line of best fit) of the group 

slow wave, Mayer wave, respiratory and cardiac spectral band magnitudes with respect to 

increase in group mean ICP level is shown in Figure 50 to Figure 53. 

The changes in the spectral band magnitudes of AP’s slow wave, Mayer wave, respiratory and 

cardiac bands with increasing mean ICP levels are shown in Figure 54 to Figure 57. We can 

observe from Figure 54 to Figure 57, that the group spectral band magnitudes of the AP 

(input) signal12 in the slow wave, Mayer wave, respiratory and cardiac bands, show some 

linear dependence with increasing mean ICP. Interestingly, the final trend value for each AP 

spectral band (i.e. the band magnitude at high mean ICP) is significantly higher compared to 

the other values in the trend (i.e. at lower mean ICP levels). This probably contributes towards 

the linearity observed in AP spectral band magnitudes with increasing mean ICP. In addition, 

we observed the change in ICP (output) signal13 mean was almost matched by an increase in 

AP signal mean, as shown in Figure 46. The increase in spectral band magnitudes of the four 

ICP bands (during a linearly dependent input signal (AP), with increasing mean ICP) are likely 

to occur due to the following reasons. First, an increased transmission of the spectral 

components from the input (AP) to the output (ICP) signal. Second, due to the changes in the 

signal transmission characteristics or signal trans-conductance gain (i.e. input to output signal 

gain, Figure 58 to Figure 61) across the cranial cavity, or both. The change in signal 

transconductance occurs possibly because of a change in cranial compliance due to increasing 

mean ICP inside a rigid closed cranial cavity, as shown in Figure 58 to Figure 61.

                                                       
12 The assumed input signal to the closed loop ICP-AP system, in all the thesis chapters so far. 
13 The assumed output signal to the closed loop ICP-AP system, in all the thesis chapters so far. 
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ICP Spectral Band Plots 

 

Figure 50: Sheep group (n = 12) mean ± SE showing average increase in ICP’s slow wave band’s (8.3 mHz – 0.05 Hz) spectral 
band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 92.9 % coefficient of determination (R2 value). 

 

 

Figure 51: Sheep group (n=12) mean ± SE showing average increase in ICP’s Mayer wave band’s (0.075 Hz – 0.175 Hz) 
spectral band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 99.4 % coefficient of determination (R2 value). 
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Figure 52: Sheep group (n = 12) mean ± SE showing an average increase in ICP’s respiratory band’s (0.2 Hz – 0.56 Hz) 
spectral band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 96.5 % coefficient of determination (R2 value). 

 

 

Figure 53: Sheep group (n = 12) mean ± SE showing average increase in ICP’s cardiac band’s (0.75 Hz – 1.75 Hz) spectral 
band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 96.2 % coefficient of determination (R2 value). 
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AP Spectral Band Plots 

 

Figure 54: Sheep group (n = 12) mean ± SE showing average increase in AP’s slow wave band’s (8.3 mHz – 0.05 Hz) spectral 
band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 84.4 % coefficient of determination (R2 value). 

 

 

Figure 55: Sheep group (n = 12) mean ± SE showing average increase in AP’s Mayer wave band’s (0.075 Hz – 0.175 Hz) 
spectral band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 92.9 % coefficient of determination (R2 value). 
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Figure 56: Sheep group (n = 12) mean ± SE showing average increase in AP’s respiratory band’s (0.2 Hz – 0.56 Hz) spectral 
band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 88.4 % coefficient of determination (R2 value). 

 

 

Figure 57: Sheep group (n = 12) mean ± SE showing average increase in AP’s cardiac band’s (0.75 Hz – 1.75 Hz) spectral 
band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in spectral band magnitude for the entire group, with a ~ 95.9 % coefficient of determination (R2 value). 
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Spectral Band Gain (G = ICP’s SBM/AP’s SBM) Plots 

 

Figure 58 : Sheep group (n = 12) mean ± SE showing average increase in gain in the slow wave band’s (8.3 mHz – 0.05 Hz) 
spectral band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in the group spectral band magnitude gain, with a ~ 64.6 % coefficient of determination (R2 value).  

 

 

Figure 59 : Sheep group (n = 12) mean ± SE showing average increase in gain in the Mayer wave band’s (0.075 Hz – 0.175 
Hz) spectral band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows 
an increasing trend in the group spectral band magnitude gain, with a ~ 90.7 % coefficient of determination (R2 value). 
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Figure 60 : Sheep group (n = 12) mean ± SE showing average increase in gain in the respiratory band’s (0.2 Hz – 0.56 Hz) 
spectral band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in the group spectral band magnitude gain, with a ~ 99.9 % coefficient of determination (R2 value). 

 

 

Figure 61 : Sheep group (n = 12) mean ± SE showing average increase in gain in the cardiac band’s (0.75 Hz – 1.75 Hz) 
spectral band magnitudes during ICV infusion plotted against increasing group mean ICP levels; A line of best fit shows an 
increasing trend in the group spectral band magnitude gain, with a ~ 97.2 % coefficient of determination (R2 value). 
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 Discussion 

In these experiments, we analysed the relationship between ICP & AP signals in control and 

ICV-infused hydrocephalic/ high ICP sheep. The slow wave, Mayer wave, respiratory and the 

cardiac band results (i.e. spectral band magnitudes in these bands increase with an increase 

in mean ICP due to ICV-infusion) shown in Figure 50 to Figure 53 can be understood using the 

Monro-Kellie doctrine (12). Monro-Kellie doctrine states that the overall intracranial 

compliance equals the sum of compliances of individual cranial component enclosed inside a 

rigid, incompressible skull. Now, as the ICV infusion of saline leads to a ramp in ICP levels, as 

previously pointed out in chapter 3, such fluid build-up possibly alters the cerebrovascular 

mechano-elastic properties to accommodate for the extra fluid volume within the cranium 

(226–228). Such elevated ICP levels might also apply a resultant force, pushing the ventricular 

CSF radially outwards towards the skull and the CSF trapped below the meninges (i.e. just 

under the skull) radially inwards towards the ventricles. Now, consider the CSF circulation 

pathway in the brain, it shows that the brain parenchyma will be sandwiched between these 

radially opposing forces. Such forces on the parenchymal tissue will compress, squeeze and 

stress it. This compression might increase the effective intracranial component stiffness 

causing an overall reduction in intracranial compliance. Under such conditions, the inherent 

auto-regulatory and pressure-volume compensatory behaviour of the cerebral vasculature 

might be compromised. Such constantly opposing forces on the brain parenchyma, may 

constrain the cerebral arterial pulsations, and enhance the cerebral capillary pulsatility (229), 

due to the effective reduction in the windkessel mechanism leading to an abnormal pressure 

and volume transfer into the brain capillaries (229). This, coupled with a reduction in the 

intracranial compliance, would enable the oscillations in cerebral blood volume and/or in 

cerebral blood pressure (or AP) to be transferred into ICP, with an effectively larger 

transconductance factor or input to output signal amplification gain (Figure 58 to Figure 61). 

This enhanced transmission gain contrasts the lower transmission gain observed in the highly 

compliant and well auto-regulated cerebral vasculature in a control animal (i.e. no change in 

ICP or AP spectral band magnitudes was observed over time, hence the figures are not 

included here). 

It is my understanding that such an increase in the transmission gain with an increasing mean 

ICP level due to artificially raised ICP would significantly contribute towards the linear increase 
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observed in ICP’s slow wave, Mayer wave,  respiratory and cardiac bands’ spectral band 

magnitudes. 

Additionally it can be seen from Figure 54 to Figure 57, and Figure 46 that the spectral band 

magnitudes in all four bands of the input (AP) signal spectrum and the mean level of AP, 

increased with increasing mean ICP (unlike the rat model’s where the AP spectral amplitudes 

that remained nearly constant, chapter 3). As the input is changing, therefore, the changes in 

output signal must also be influenced by such changes in the spectral band magnitudes of the 

input signal and not just a change in the input to output signal gain inside a rigid skull (with 

increasing ICP). Therefore, changes in the input signal will cause a corresponding increase in 

the output signal and will reflect in the increase observed in the spectral band magnitudes of 

ICP signal Figure 50 to Figure 53. Finally, it can be said that the increase in ICP’s spectral band 

magnitudes is a superposition of increases due to an increase in the input to output signal 

gain (or reduction in cranial compliance) and the increase occurring due to an increase in the 

input (AP) spectral band magnitudes. 

This suggests that the increase in sheep’s ICP spectral band magnitudes results from both an 

increase in the strength of spectral components of the input signal and a reduction in the 

cranial compliance resulting in an increased transconductance gain (Figure 50 to Figure 61) 

due to an increasing mean ICP inside a rigid skull. These observations in conscious sheep 

model verify the idea proposed by several researchers that the cranial compliance decreased 

with an increase in mean ICP levels during the development of hydrocephalus. This study also 

provides insights regarding the healthy and hydrocephalic/ high ICP waveforms in a large 

animal model ‘sheep’ whose ICP waveform partially resembles that of the human. 

Finally, the increase in mean AP14 in response to physiological increases in mean ICP levels in 

sheep (Figure 46) was a novel and significant finding. It shows and verifies the presence of the 

closed loop/ cyclic relationship between the ICP and AP signal at physiological levels that was 

previously discussed in chapter 1. This relationship between ICP and AP signals and the 

mechanisms responsible for it might be crucial in developing a comprehensive understanding 

of the ICP waveform dynamics and the ICP-AP system behaviour. Thus, this relationship and 

the mechanisms responsible for it are explored in greater detail in the following chapter.  

                                                       
14 Traditionally AP is assumed to be the input of the ICP-AP system, discussed previously in chapter 1. 
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 Limitations of this Chapter 

A large animal, such as the sheep, offers a number of advantages over small animals like rats, 

e.g., a larger skull and brain size, the resemblance of ICP waveform and to human ICP 

waveform, the resemblance in physiological frequencies like respiration and heart rate to 

those of human and relatively slow postural changes and physical movements. However, they 

pose a number of challenges such as space, cost, and availability in comparison to smaller 

animals. In addition, the conscious sheep analysed above showed inconsistent changes in 

their ICP waveform peaks morphology and no additional information regarding the cranial 

vasculature state could be drawn based on them.  

Moreover, when working with conscious animals despite our best efforts, there is a possibility 

that some physical movements might remain unnoticed and influence the recorded signal 

waveforms. 

Despite the challenges mentioned above, these results (in sheep) indicate that as ICP rises, 

through the accumulation of fluid in the cranium, the compliance of the AP-ICP system 

decreases allowing an enhanced transmission of frequencies in the four bands from the input 

(AP) to the output signal (ICP). Further investigation in the next chapter will explore the 

relationships amongst ICP, AP and sympathetic nerve activity to understand the mechanisms 

responsible for changes in ICP & AP waveform dynamics with hydrocephalus (induced through 

ICV saline infusion) in a large animal model ‘sheep’. 
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Chapter 5. Interactions between intracranial pressure and 

arterial pressure via the sympathetic nervous system 

The previous chapter focused on frequency domain analysis of the ICP & AP waveform(s) in 

conscious control and ICV saline infused hydrocephalic sheep. Such analysis showed that an 

increase in mean ICP results in an enhanced transmission of frequencies between AP & ICP 

possibly due to a reduction in cranial compliance. Additionally, chapter 1 discussed the 

existence of the ICP-AP closed loop system and the ‘Cushing response’ where Harvey Cushing 

(in the 1900’s) showed (in anesthetized dogs) that large increases in ICP produced matching 

increases in blood pressure, such that cerebral perfusion pressure (or cerebral supply 

pressure) is maintained (255). Cushing response is thought to be the brains ‘last-resort’ in 

battling pathological ICP levels (over 40 mmHg) by increasing its supply pressure (i.e. arterial 

pressure) and is believed to be sympathetically driven (62,65,107,117,256–258). It is 

important to mention here that in studies by Harvey Cushing and subsequently others, ICP 

levels were pathologically high i.e. well over 40 mmHg. Whereas, current guidelines for 

treatment of head trauma require intervention when ICP is over 20 mmHg (259,260). It 

remains to be established, whether a relationship between ICP levels, sympathetic activity 

and blood pressure (or arterial pressure) exists in normal physiology but, if it does, it would 

be distinct from the Cushing response (107). 

More recently, Paton et. al. and others have proposed an emerging new hypothesis that the 

metabolically-demanding brain puts the utmost priority on protecting its own blood supply 

(i.e. maintaining cerebral perfusion), even if this comes at the ‘cost’ of high blood pressure to 

the rest of the body.This idea is termed as the ‘Selfish brain hypothesis’, and is supported by 

recent data in human subjects, where congenital cerebrovascular abnormalities associated 

with cerebral hypoperfusion were strongly predictive of hypertension (56,107,261,262). This 

chapter aims to determine, whether ICP influences AP via SNA at physiological levels and not 

just pathological as previously shown by Cushing, and explore the ‘ICP-AP closed loop system’ 

idea further by analysing the ICP, AP and renal sympathetic nerve activity (RSNA) signal in 

conscious sheep. The discussion of the ICP-AP system in the previous chapters focused on 

assessing the changes in the ICP waveform with increasing mean ICP, and how AP influence(s) 
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ICP waveform under such conditions. This chapter explores if the changes in mean ICP affect 

AP at physiological levels around resting levels of ICP and if the sympathetic nervous system 

has a role to play in such interactions (possibly to maintain cerebral perfusion, with increasing 

mean ICP). Provided if such a novel control pathway exists (whereby ICP at physiological levels 

can influence/determine AP, via the sympathetic nervous system), it could possibly address 

the basis for raised sympathetic activity in some hypertensive patients and give us another 

physiological influencer of the blood pressure in addition to Baroreflex, Chemoreflex and 

Renin-angiotensin etc. (263). A manuscript containing some of the results presented in this 

chapter has been published in the American Journal of Physiology -Regulatory, Integrative 

and Comparative Physiology, under the title ‘Intracranial pressure influences the level of 

sympathetic tone’  (95).  

 Methods 

All animal experiments were approved by the University of Auckland’s Animal Ethics 

Committee. Experiments were started when sheep got accustomed to laboratory conditions 

and human contact. All sheep were housed in individual metabolic crates. In the sheep 

housing room, multiple home crates were kept such that the sheep were in close proximity 

and constant visual contact with one another. Sheep had a constant supply of food and water, 

except for the short durations during ICV infusion experiments. This was done to minimise 

the ICP signal variability due to head movements while eating and drinking. The sheep housing 

room was maintained at a constant temperature (22°C) & humidity during an automated 12-

12 h dark-light cycle (lights on from 0600 to 1800 h). 

 Surgery 

The surgical procedures followed have been described previously in chapter 4 in detail. 

Briefly, Non-pregnant adult ewes weighing 40-70 kg (n= 14) underwent surgery to implant 

two solid-state pressure catheters (model: SPR-524, Millar Inc., Houston, TX) and 8-10 nerve 

electrodes for the measurement of ICP, AP, and RSNA signals respectively. One catheter was 

inserted into the carotid artery for AP measurement and the other tunnelled subcutaneously 

to the skull for subdural ICP measurement. An ICV cannula made from stainless steel guide 

tubing was inserted for ICV saline infusion. Additionally, a jugular cannula was also inserted 
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for intravenous infusion and drug administration. To minimize any effect of surgical stress, 

ICV infusion experiments were not started for at least 4 days after these implantations. In all 

operations, animals were treated with antibiotics. 

 Intra-cranial ventricular (ICV) infusion procedure. 

The procedures used for ICV saline infusion have been previously outlined in chapter 4 in 

detail. Briefly, to evaluate the changes in mean AP due to the rise in mean ICP at physiological 

levels, the ventricular saline infusion was performed. Harvard apparatus syringe pump was 

used to achieve a constant infusion rate. The infusion started at a rate 5ml/hr and this rate 

was doubled every 10 minutes until the mean ICP was increased by 15-20 mmHg above the 

baseline (~35 minutes). The resulting changes in the mean AP and RSNA were recorded as 

described below. The ICV infusion was stopped if behavioural changes (head position, panting 

etc.) were noted. This occurred in three animals when the ICP levels reached > 25 mmHg. 

Additionally, to evaluate the involvement of sympathetic nervous system, the ICV infusion 

was repeated on a different day after a 2-hour infusion of ganglionic blocker hexamethonium 

chloride (125 mg/hr) which has been shown to block all sympathetic tone (264). 

 Data acquisition. 

The data acquisition protocols were already described previously in chapter 4. Briefly, The 

ICP, AP and RSNA signal data were recorded using PowerLab and LabChart (ADInstruments, 

v8.15, Sydney, Australia) at a sampling frequency of 1 kHz and then analysed using LabChart 

and Microsoft excel in the time domain. RSNA data was recorded using a differential amplifier 

between the pair of electrodes with the best signal-to-noise ratio as described previously in 

chapter 4. A webcam was used to video the sheep and monitor their movements. This video 

was captured by LabChart in synchronisation with the ICP, AP, and RSNA recordings, and was 

used to discard data segments with changes due to the rapid head and body movements. The 

signal data was acquired for a total duration of 90±15 minutes during, before (for baseline 

values) and after ICV infusion experiment (as explained in a later section). Experiments were 

conducted on healthy conscious sheep while they were standing in their crates. 
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 Data analysis. 

RSNA data was analysed using the concepts and methods described by Guild et al. in (265) & 

Ramchandra et al. in (243,246). Briefly, the differentially amplified RSNA signal was rectified 

and then integrated using a ‘leaky integrator’ with a 20 ms time constant in LabChart. Such 

leaky integration provided low-pass filtering to the RSNA signal, converting each burst of the 

raw RSNA signal (≥ 20 ms) Figure 62 (RSNA, top plot) into a peak in the rectified & integrated 

output RSNA signal Figure 62 (RSNA int, centre plot). These peaks are an indication of the 

average discharge intensity during sustained bursts (≥ 20 ms) of RSNA activity. Sections with 

reduced signal activity between two adjacent peaks in the rectified & integrated RSNA signal 

represents noise level and was subtracted from the rectified & integrated RSNA signal to 

obtain rectified & integrated RSNA signal without noise (RSNAwn), as shown in Figure 62 (RSNA 

int without noise, bottom plot). 

 

Figure 62: An example graph showing renal sympathetic nerve activity (RSNA) signal. Top plot: raw differentially amplified 
RSNA signal. Centre plot: The rectified & integrated version (RSNA int) of the raw signal obtained using a ‘leaky integrator’. 
Such leaky integration provided low-pass filtering to the RSNA signal, converting each burst of the raw RSNA signal into a 
peak in the rectified & integrated signal output. Bottom plot: The rectified & integrated without noise version (RSNA int, 
w/o noise) of the raw signal. Obtained by subtracting the noise levels from the rectified & integrated RSNA signal.     

Time (s) 
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Cerebral perfusion pressure (CPP) was calculated as the difference between AP and ICP (CPP 

= AP -ICP). The heart rate (HR) was calculated from AP using LabChart’s cyclic measurement 

features.   

The ICP, AP, HR and CPP signals were averaged over 10 sec. throughout the ICV infusion 

period. Such 10 sec. chronological averages from LabChart were then exported into Microsoft 

excel for further analysis. The area under the RSNAwn curve was used to represent its average 

value for each of these 10s averages. In excel, the imported chronological 10 sec. averages 

were sorted into 2 mmHg ICP bins from the baseline to the maximum change in ICP and the 

mean of the binned data calculated for each variable. The change in each variable from 

baseline was calculated and expressed against the change in ICP from baseline. This process 

was repeated for all ICV infusion experiments. 

Additionally, the sorted AP, CPP and HR values were plotted against mean ICP values to divide 

the entire sheep data into two groups, namely, ‘Responders’ and ‘Non-Responders’ (as 

explained in the following section). Once the Responders and Non-Responders were 

identified, their average baseline AP, CPP and HR values were compared to understand the 

differences between them as shown in Figure 63 and Figure 64. The HR between the two 

groups had no physiologically significant change, hence is not shown here.  

The sorted AP, CPP, HR and RSNAwn signals from individual sheep (in Responders group) were 

averaged together to find the overall group response in terms of mean ± S.E, as shown in the 

plots in the results section (put figure numbers here). The group sheep HR had no 

physiologically significant change, hence is not shown here.   
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 Results 

The AP data from 14 sheep were tested and analysed for response to raised ICP using the 

methods described in the previous section. During this study, the AP in five sheep did not 

respond to an increase in ICP during ICV saline infusion on at least one day, such sheep were 

called “Non-responders” Figure 63. However, three of these sheep showed an increase in AP 

in response to increased ICP on other days. Further analysis of the data showed that the 

baseline AP in Non-responders was significantly higher compared to Responders (Non-

responders 102 ± 2 mmHg (n=5) compared to Responders 86 ± 2 mmHg (n=12), p<0.01 t-test). 

Additionally, physiologically there was no major difference in baseline ICP between 

Responders (4.0 ± 1.2 mmHg) and Non-responders (5.7 ± 0.9 mmHg). Therefore, the baseline 

CPP (i.e. AP-ICP) was found to be higher in Non-responders as shown in Figure 64. The 

baseline CPP in Non-responders (n=5) was 97 ± 2 mmHg as compared to 82 ± 2 mmHg in 

Responders (n=12), p<0.01 t-test. Perhaps, such high cerebral perfusion pressures in Non-

responders alleviates the need for high AP (in response to raised ICP, as observed in 

Responders), possibly because cerebral perfusion is not compromised in such animals.    

 

Figure 63: A comparison between average baseline arterial pressure (AP) values in ‘Responders’ and ‘Non- responders’ 
sheep groups. Sheep were classified as ‘Non-responder’ if their AP did not change with an increase in mean ICP during 
ventricular saline infusion. The baseline AP in Non-responders was significantly higher compared to Responders. Non-
responders 102 ± 2 mmHg (n=5) compared to Responders 86 ± 2 mmHg (n=12), p<0.01 t-test. While the baseline ICP 
between two groups was identical. ٭Significant difference between groups (p<0.01 t-test). 
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Figure 64: A comparison between average baseline cerebral perfusion pressure (CPP) values in ‘Responders’ and ‘Non- 
responders’ sheep groups. Sheep were classified as ‘Non-responder’ if their AP did not change with an increase in mean 
ICP during ventricular saline infusion. The baseline CPP (i.e. AP-ICP) was found to be significantly higher in Non-responders. 
The baseline CPP in Non-responders (n=5) was 97 ± 2 mmHg as compared to 82 ± 2 mmHg in Responders (n=12), p<0.01 t-
test. While the baseline ICP between two groups was identical. ٭  Significant difference between groups (p<0.01 t-test). 

In Responders, on the other hand, ICV infusion of saline produced a ramped increase in ICP 

of up to 20 mmHg over the ~35-minute infusion period (with baseline ICP = 3 ± 2 mmHg). The 

increase in ICP was almost matched by an increase in AP Figure 66. Such an increase in 

Responder AP resulted in nearly constant levels of cerebral perfusion pressure as shown in 

Figure 67. Most likely, the increase in AP (in response to raised ICP) was triggered in order to 

maintain CPP, as this probably keeps the brain well perfused during rising ICP levels. 

Additionally, increasing ICP had no effect on heart rate. An example of raw signal recordings 

during ICV infusion (to raise ICP) is shown in Figure 65; Consequently, AP is rising in response 

to raising ICP while CPP and HR are maintained.  
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Figure 65: An example of raw signal recordings during ICV infusion (to raise ICP). Red plot: The mean ICP increases from ~ 
10 mmHg to over 30 mmHg during ICV infusion. Blue plot: AP showing a matched increase in response to raise in ICP, 
ensuring CPP (i.e. AP-ICP, purple plot) remains maintained. Yellow plot: The heart rate (HR) does not show any increasing 
trends and is maintained around ~100 beats per minute (BPM). Green plot: The rectified & integrated renal sympathetic 
nerve activity signal without noise (RSNA int, without noise). 

 

Figure 66: Group (n=12) arterial pressure (AP) response to increasing mean ICP plotted as an absolute change from baseline 
AP (86 ± 2 mmHg). Data are mean ± SE. The increase in ICP produced an almost matched increase in AP with a ~98.8% 
coefficient of determination (R2 value).  
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Figure 67: Group (n=12) cerebral perfusion pressure (CPP) response to increasing mean ICP plotted as an absolute change 
from baseline CPP (82 ± 2 mmHg). Data are mean ± SE. The CPP remained maintained during ICV infusion performed to 
raise ICP. The increase in ICP produced an almost matched increase in AP thus maintaining the CPP (since CPP = AP-ICP). 

To verify if the increase in Responder AP (in response to raised ICP) was sympathetically 

mediated, RSNA was recorded and analysed in seven healthy sheep using the methods 

described in the methods section. RSNA recordings indicate that RSNA increased with 

increasing mean ICP Figure 68. To put the RSNA change in perspective, the maximal RSNA 

response to increased ICP was 60 ± 19% compared to a maximal increase of 38 ± 11% increase 

in SNA in response to a 36 ± 7 mmHg decrease in AP with sodium nitroprusside. 
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Figure 68: Percentage (%) change (from baseline) in the group (n=7) renal sympathetic nerve activity RSNA with increasing 
mean ICP. The change in RSNA shows that RSNA increased with increasing mean ICP. To put the RSNA change in 
perspective, the maximal RSNA response to increased ICP was 60 ± 19% compared to a maximal increase of 38 ± 11% 
increase in SNA in response to a 36 ± 7 mmHg decrease in AP with sodium nitroprusside. Dip in RSNA possibly occurs 
(under high AP) when other blood pressure control mechanisms (such as baroreflex) might be re-engaged to regulate 
blood pressure, thus suppressing the sympathetic nerve activity. 

Figure 68 also shows a dip in RSNA with higher ICP levels, such a dip in RSNA possibly occurs 

because physiologically it would be improbable to keep elevating AP and in effect blood 

pressure for extended durations. In conscious animals, other blood pressure control 

mechanisms (such as baroreflex) might be re-engaged to supress RSNA and regulate blood 

pressure and thus we observe a reduction in RSNA.  

In addition, infusion of the ganglionic blocker hexamethonium chloride (HEX) for 2 hours 

abolished all sympathetic activity in sheep and decreased baseline AP by 11 ± 2 mmHg. The 

baseline ICP values remained unaffected by ganglionic blockade meaning that the baseline 

CPP (i.e. AP-ICP) values also reduced by 11± 2 mmHg. Furthermore, to observe the effect of 

HEX on the ICP waveform and its spectral composition and compare it with the sheep ICP 

waveform under control/ non-HEX conditions, ICP spectral band magnitudes were calculated 

(as discussed previously in chapter 4) after HEX infusion. The ICP group spectral band 

magnitudes and their trends were identical under both conditions, without any significant 

changes (p > 0.05) in ICP waveform composition due to HEX infusion, thus are not shown here. 

Additionally, ICV saline infusion after 2 hours of hexamethonium infusion abolished increase 
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in AP (in response to increased ICP). Such an increase in AP in response to physiologically 

raised ICP levels was previously observed during intact sympathetic tone Figure 66 and Figure 

68. Therefore, the ganglionic blockade was associated with a significant decrease in CPP and 

almost no change in AP (in response to increasing ICP), as opposed to a nearly constant CPP 

and increasing AP (in response to increased ICPs) under intact sympathetic tone Figure 69 and 

Figure 70.  

 

Figure 69: Arterial pressure (AP) response to rising mean ICP levels in Control sheep (closed circles, n=12) and sheep with 
ganglionic blockade (using Hexamethonium, open circles, n=7). Data are mean ± SE and are plotted as a change from 
baseline. The control baseline AP was 86 ± 2 mmHg compared to 78 ± 3 mmHg for the Hexamethonium group (p<0.05, a 
significant difference). The control baseline ICP was 4 ± 1 mmHg vs 7 ± 2 mmHg for the Hexamethonium group (p> 0.05, 
No significant difference). 
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Figure 70: Cerebral perfusion pressure (CPP) response to rising mean ICP levels in Control sheep (closed circles, n=12) and 
sheep with ganglionic blockade (using Hexamethonium, open circles, n=7). Data are mean ± SE and are plotted as a change 
from baseline. The control baseline CPP was 82 ± 2 mmHg compared to 71 ± 4 mmHg for the Hexamethonium group 
(p<0.05, a significant difference). The control baseline ICP was 4 ± 1 mmHg vs 7 ± 2 mmHg for the Hexamethonium group 
(p> 0.05, No significant difference). 

 Discussion 

The results in conscious sheep show that AP increases in response to increase in ICP levels 

within the physiological ranges, and not just under pathologically high ICP levels as first 

demonstrated by Harvey Cushing in anesthetized dogs, the ‘Cushing’s response’. The results 

also conclusively show the rise in AP in response to increased ICP level are mediated via the 

sympathetic nervous system. As a modest 10 mmHg increase in ICP increased RSNA by around 

60% and most importantly the time course of this initial increase in RSNA parallels the 

increase in AP (in response to ICP) before the RSNA briefly plateaus and recedes. 

Additionally, In Harvey Cushing’s experiments increases in ICP (via subdural saline infusions) 

produced matching elevations in AP. However, ICP levels used for such reflex response were 

pathologically high (commonly 100-250 mmHg), and experiments were conducted under 

general anesthesia, which has since been shown to confound this response (255,266,267). 

Thus, the ‘Cushing Response’ is largely regarded pathological and a last ditch protection for 

the severely ischemic brain (268,269) and its extrapolation to physiological ICP levels has been 

difficult. Although, early studies in conscious dogs and rats confirm the relationship between 
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ICP and AP and show compensatory AP responses to increases in ICP (266,270) and more 

recently  several researchers have proposed the existence of a novel physiological intracranial 

reflex controlling blood pressure via sympathetic nerve activity (107,257,258,271,272). Such 

ideas have largely remained theoretical due to a lack of supporting experimental evidence. 

However, most recently through the works of Schmidt et al. it has been shown that modest 

increases in human ICP produce increases in AP and sympathetic outflow in patients with 

normal pressure hydrocephalus (62,117). 

The study presented in this chapter is the first to show that ICP is a physiological regulator of 

directly recorded RSNA in a large conscious animal. The use of a conscious large animal model 

(sheep) allows tightly controlled, within-subject measurements of the ICP-SNA-AP 

relationship, free from the confound of anesthesia and/or concurrent pathologies. Ganglionic 

blockade enabled us to verify the dependence of AP-ICP reflex on the sympathetic nervous 

system, which would clearly not be possible or practical in human patients. Thus, the data 

presented in the results support the hypothesis that ICP can influence sympathetic nerve 

activity and AP in the normal physiological setting. 

Additionally, it is challenging to quantify a relative scale of an observed increase in RSNA. 

Interestingly in the presented data, a modest increase in ICP (15 mmHg) produced an increase 

in RSNA comparable to the baroreflex-induced sympathetic excitation seen in this or previous 

studies (246) with an approx. 30mmHg fall in AP. Thus, it can be strongly argued that 

intracranial reflex is an extremely powerful sympathetically mediated reflex, as ganglionic 

blockade completely abolished the ICP-induced rise in AP. Moreover, we would normally 

expect a rise in AP to trigger a baroreflex-mediated reduction in sympathetic nerve activity. 

However, under the ICP reflex, we speculate that the baroreflex is either actively suppressed 

centrally or overridden by the excitatory mechanisms driving sympathetic activity, the exact 

mechanism would require future validation (discussed later in section 6.4). 

Furthermore, the magnitude of the AP response to increased ICP was reasonably consistent. 

In some sheep, however, we did observe that AP did not respond to the increased ICP, on 

some experimental days Figure 63. On analysis of AP waveforms in Non-responders, it was 

found that animals with a higher than average resting AP tended not to respond to elevations 

in ICP (within physiological ranges), whereas animals with lower-than-average AP/CPP always 
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did. This suggests that perhaps a fall in CPP (i.e. AP-ICP), and/or presumably flow (266) is 

rather necessary for AP to shoot up (in response to increased ICP) than just an increase in ICP 

per se. Such an AP reflex (in response to increasing ICP) further supports the “Selfish brain” 

hypothesis (56,107,261,262) and shows that the pressor response to increased ICP is a 

protective mechanism to buffer the brain from potential under perfusion during raised ICP. 

This suggests that the increase in AP is more likely to be driven by a change in flow, perfusion 

or possibly a chemo-sensitive mechanism. If it were due to a direct effect of ICP itself, then it 

would be expected to occur in all animals regardless of the baseline levels of AP/CPP.  

In addition, the possibility that the sheep may experience a headache due to the increased 

ICP cannot be ruled out. However, the fact that we stopped the infusions before the sheep 

showed any signs of discomfort and the fact that ICP increased to similar levels in Non-

responders, gives us confidence that the response in AP and RSNA is not simply a response to 

pain or discomfort. 

Finally, through this study, we have thus demonstrated a novel physiological mechanism that 

links levels of ICP with sympathetic nerve activity via a possible intracranial reflex that alters 

AP. While ICP increases of a greater magnitude are observed during pathologically challenging 

conditions such as ischemic stroke and obstructive sleep apnea (273), The study presented 

here is the first to definitively demonstrate that ICP can regulate sympathetic activation in a 

manner that may be meaningful during normal physiology. In addition, sympathetic over-

activity is thought to be involved in the initiation and maintenance of a number of 

cardiovascular conditions including hypertension, heart failure and chronic kidney disease 

(274–279). Therefore, it is interesting to think, speculate and validate (in future studies) that 

can such intracranial baroreflex 15  regulation of sympathetic activity be altered in 

pathophysiology as has been suggested previously by Paton et al. (107). Likewise, the 

question of whether an increase in ICP may chronically increase AP via the sympathetic 

nervous system (in line with the “Selfish Brain” hypothesis) are intriguing questions but 

require future investigation. 

Lastly, based on the results it can be said that increases in ICP (with in physiological levels) 

increases RSNA and AP in order to maintain CPP. This hints that a better control of CPP could 

be a potential new target to decrease sympathetic nerve activity in clinical practice. 

  

                                                       
15 A novel physiological mechanism linking physiological ICP levels with sympathetic discharge to influence AP. 
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 Limitations of this Chapter 

A large animal, such as the sheep, offers a number of advantages over small animals like rats, 

e.g., a larger skull and brain size, the resemblance of ICP waveform and to human ICP 

waveform, the resemblance in physiological frequencies like respiration and heart rate to 

those of human and relatively slow postural changes and physical movements. However, they 

pose a number of challenges such as space, cost, and availability in comparison to smaller 

animals. 

Additionally, when working with conscious animals despite our best efforts, there is a 

possibility that some physical movements might remain unnoticed and influence the recorded 

signal waveforms. 

Lastly, we believe that it very unlikely that our protocols induced central hypoxia 

nevertheless; we cannot rule out that such a chemo-sensitive mechanism may operate at 

higher intracranial pressures. 

However, despite the challenges mentioned above, these results (in sheep) indicate that as 

ICP rises, through the accumulation of fluid in the cranium, the closed loop nature of the ICP-

AP system becomes quite evident and ICP convincingly can be said to influence AP via the 

sympathetic nervous system.  
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Chapter 6. Conclusions and Suggested Future Work  

 General Conclusions 

The measurement and analysis of the ICP and AP signals in healthy conscious rats, and the 

ICP, AP and renal sympathetic nerve activity signals in conscious healthy sheep were 

performed successfully during this research. Such analysis was aimed at advancing the 

understanding of the ICP waveform dynamics and its relationship to AP under normal and 

high mean ICP conditions. Developing such an understanding is critical to improving the 

diagnosis and treatment of patients suffering from high ICP disorders such as hydrocephalus. 

 An introduction to ICP measurement and monitoring techniques, along with a discussion on 

normal and raised ICP thresholds and a list of various medical disorders responsible for raised 

ICP was provided in Chapter 1. Hydrocephalus was also introduced in Chapter 1 as the 

motivation for this work, along with an outline of some common treatments for such patients 

and a brief discussion of their shortcomings. The exceedingly high shunt failure rates in 

hydrocephalic patients, the difficulty in its detection, the cost of detection both economically 

and socially, as well as a lack of “mean ICP centric” universal treatment thresholds, and an 

ever-increasing scientific interest in understanding the ICP-AP closed loop interactions gave 

motivation for the experiments and analysis presented in this thesis. I hope that the analysis 

of ICP waveform dynamics in time and frequency domains, its improved understanding and 

new insights presented in this thesis will contribute to improving neurocritical decision 

making in patients with high ICP. 

A background on widely used ICP waveform analysis techniques in both time and frequency 

domains was provided in Chapter 2. An overview of the methods and underlying principles 

(such as Fourier Transform, ICP-AP system gain analysis etc.) used for ICP waveform analysis 

presented in this thesis were also outlined in Chapter 2. A short discussion of the major 

challenges in applying black box/ mathematical modelling techniques to biological systems, 

along with a classification of the ICP and AP waveform(s) based on the spectral ranges of the 

physiologically significant frequencies in conscious rats and sheep was presented. 
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Based on the ICP waveform analysis methods described Chapter 2, an analysis of the ICP 

dynamics and their interaction with AP in healthy rats and how they change during the 

progression of Kaolin induced hydrocephalus was presented in Chapter 3. We found that the 

ICP waveform changed almost instantaneously in response to postural changes in conscious 

rats. Additionally, the mean ICP increased in response to the basal cistern injections of kaolin 

in rats through the accumulation of fluid inside their cranium. An increase in mean ICP 

resulted in a higher transduction of spectral band magnitudes from AP to ICP in all four 

spectral bands namely, slow wave, Mayer wave, respiratory and cardiac bands, indicating a 

reduction in intracranial compliance. The behaviour of higher frequency cardiac oscillations 

was especially interesting as they were initially absent in the healthy ICP waveform but 

emerged and became stronger with a rise in mean ICP. All these observations verified and 

were in agreement with the current mainstream scientific understanding of hydrocephalus 

development and its impact on humans. That is, as hydrocephalus develops through the 

accumulation of fluid in the cranium, the compliance of the AP-ICP system decreases allowing 

faster frequencies in AP to be transmitted to ICP. The cardiac and respiratory frequencies are 

higher in rats than humans and the rat cranium is also much smaller. This means that the 

physiological signal dynamics in rats are quite different to those in humans. 

The logical progression based on the rat results and experiments of Chapter 3 was to extend 

and explore them in a larger animal model ‘Sheep’, which has a cranium size and physiological 

frequencies closer to that of humans. The sheep experimental results discussed in Chapter 4 

showed that ICP, AP, and renal sympathetic nerve activity could be successfully recorded and 

manipulated (using an intracerebroventricular saline infusion) in conscious sheep. 

Additionally, ICP waveform changed almost immediately in response to postural changes in 

conscious sheep. Mean ICP showed a ramped increase during intracerebroventricular infusion 

of saline. An increase in mean ICP resulted in a higher transduction of spectral band 

magnitudes from AP to ICP in all four spectral bands (slow wave, Mayer wave, respiratory and 

cardiac bands) indicating a reduction in cranial compliance. Additionally, the spectral band 

magnitudes for AP spectrum increased with increasing mean ICP in all four bands (unlike the 

rat model, where their AP spectral band magnitudes remained nearly constant). This 

suggested that the increase in sheep’s ICP spectral band magnitudes resulted from both an 

increase in the strength of spectral components of the input (AP) signal and a reduction in the 
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cranial compliance resulting in an increased transconductance gain due to an increasing mean 

ICP inside a rigid skull. These results were consistent with the Monro-Kellie doctrine 

(discussed in Chapter 4) and were in agreement with the current mainstream scientific 

understanding of raised ICP in humans. Moreover, possibly, due to lower physiological 

frequencies and a larger skull, size (which is similar to humans) compared to rats, the distinct 

appearance of cardiac frequencies in rat ICP waveform (under high mean ICP) and their 

absence under normal mean ICP levels was not observed in sheep ICP waveform. The sheep 

ICP waveform had the cardiac frequencies already present under normal mean ICP levels and 

the spectral band magnitude of such frequencies increased with the rise in mean ICP level. 

The presence of such cardiac components has also been shown in patients of high ICP 

disorders and in recovering patients with ICP in normal ranges (164,280–284). However, 

whether the strength of such components changes with physiological changes in ICP levels in 

human still needs to be addressed. Finally, the sheep analysed in this thesis showed ICP 

waveform peaks under control conditions, which were similar to the ICP waveform peaks 

namely P1, P2 & P3 present in humans. However, due to the inconsistency in morphological 

changes observed under control and high ICP conditions in such conscious sheep, unlike in 

humans, no additional information regarding the cranial vasculature state could be drawn 

based on the changes in relative size and shapes of the peaks. Interestingly, the sheep ICP 

waveform morphology did change at high mean ICP levels, from the clean pulsatile shape 

seen at control levels the changes, however, were intermittent and inconsistent, as discussed 

previously in Chapter 4. The reason(s) as to why such morphological differences were 

inconsistent and intermittent within and amongst conscious sheep would require future 

investigation. 

To build on the background provided by the ICP waveform dynamics in sheep and to explore 

the basis for the increase in AP spectral band magnitudes in response to increasing mean ICP 

levels discussed in Chapter 4 required further investigation. Chapter 5 provided a better 

understanding of the ICP-AP relationship at physiological ICP levels (< 25 mmHg) and explored 

if the sympathetic nervous system plays a role in influencing AP (possibly to maintain cerebral 

perfusion, with increasing mean ICP) in response to increasing mean ICP at such levels. The 

analysis presented in Chapter 5 revealed that intracerebroventricular infusion of saline 

produced a ramped increase in ICP of up to 20 mmHg over a 30-minute infusion period 
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(baseline 3±2 mmHg). The increases in mean ICP were matched by increases in mean AP such 

that cerebral perfusion pressure remained constant. In addition, direct recordings of renal 

sympathetic nerve activity showed that sympathetic activity increased with increased mean 

ICP, even at very modest changes. The ganglionic blockade, by hexamethonium (HEX), to 

prevent sympathetic transmission, further verified sympathetic involvement in the mean ICP-

AP relationship since ganglionic blockade abolished the increases in AP in response to 

increases in ICP and was associated with a significant decrease in cerebral perfusion pressure. 

Interestingly, the ICP waveform, its spectral band magnitudes, and their trends were identical 

under HEX and control/ non- HEX conditions in the analysed sheep. This suggests that the ICP 

waveform and its spectral composition remains unaltered during HEX infusion. Overall, the 

analysis presented in Chapter 5 showed that physiological elevations in ICP influence renal 

sympathetic nerve activity in conscious large animals and led to the significant discovery of a 

novel physiological mechanism that links ICP levels with sympathetic discharge via a novel 

intracranial baroreflex16, and demonstrates the pressor response due to physiological mean 

ICP levels. 

It worthwhile to reiterate here that, due to the invasive nature of ICP measurements and the 

lack of chronic healthy ICP & AP data recordings, our understanding of the ICP dynamics and 

the ICP and blood pressure relationship at physiological (or healthy) ICP levels are almost non-

existent in humans. In this thesis, I am addressing this gap in the understanding of healthy ICP 

dynamics & ICP-blood pressure relationship by using chronic ICP, AP and Renal sympathetic 

nerve activity recordings in healthy sheep and the ICP & AP recordings in healthy rats. Such 

animal models allow us to manipulate directly their ICP levels by fluid infusion (in sheep) and 

Kaolin injection (in rats) into the cranium. Such manipulation of ICP would be extremely 

unlikely in healthy humans. Animal models also enable us to analyse the healthy and high ICP 

conditions in the same animal, thereby provide critical insights into the healthy ICP dynamics, 

and show how they change during disease progression. Such within animal comparisons 

minimise the variability in physiological parameters and makes the analysis meaningful and 

robust. Whereas, carrying out such a comparison between healthy and unhealthy ICP 

conditions in humans would be extremely difficult, risky and improbable. 

                                                       
16 A novel physiological mechanism linking physiological ICP levels with sympathetic discharge to influence AP.  
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Finally, to address another underpinning question that partially motivated this research, 

“whether the ICP waveform data and its relationship with other physiological signals convey 

any more useful information than just its mean level?”  The answer to this question largely 

depends on the exact purpose of obtaining such information and how are we intending to use 

it. For example, analysing the mean ICP level alone is a simple and powerful method, that 

maybe used to access the patients’ condition in neurocritical care centres quickly and requires 

minimal training of the nursing staff. However, it does not convey the complete picture as the 

information concerning the state cerebral vasculature and autoregulation might be 

overlooked. The waveform and spectral analyses performed in this thesis provided a more 

comprehensive view of the cranial compliance and showed how the spectral components 

were being transferred between the ICP and AP signal due to a reduction in cranial 

compliance. Additionally, analysing mean AP and renal SNA, in addition, to mean ICP revealed 

a subtle and critical physiological interaction mechanism between ICP and AP. Simultaneously 

analysing the interdependence amongst such signals also enabled us to realise how significant 

an indirect signal like cerebral perfusion pressure (i.e. CPP = AP- ICP) can be. Possibly, cerebral 

perfusion is amongst the key cranial parameter that is likely sensed at physiological ICP levels 

(for maintaining brain homeostasis) and potentially can explain why some people with a 

concussion or traumatic brain injury have higher than their usual blood pressure (49,164,285–

288). It also raises the possibility that during increasing ICP, the increases observed in AP are 

necessary to maintain CPP so perhaps should be allowed and not treated. Thus, the ability to 

measure and analyse ICP waveform in conscious healthy and high ICP animal models 

(presented in this thesis), and the results obtained from them, clearly show that ICP recording 

and its waveform analysis along with an understanding of its relationship with other 

physiological signals can be a very helpful diagnostic tool.  

In conclusion, ICP waveform analysis provides important additional information and should 

be performed (where possible) along with the mean ICP analysis for more informed 

neurocritical decision making concerning high ICP disorders. For the analyses presented in 

this thesis, the changes in the cranial compliance of rats and sheep were inferred from 

compliance indicators like the changes in the ICP-AP system gain and the changes in the 

spectral band magnitudes of the different ICP spectral bands. However currently, there are 

commercially available ICP waveform analysis tools like ICM+, Spiegelberg Brain Compliance 
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Monitor, that enable the simultaneous calculation of multiple aspects of the ICP waveform 

along with the calculation of cranial compliance. Both these tools use proprietary purpose 

written algorithms for computer-aided recording and waveform analysis. Although such tools 

are expensive, they can greatly expedite the ICP waveform analysis process and could be used 

depending on the feasibility and the intended nature of analysis in an experiment or study. 

 Research Contributions 

The analysis of the ICP and AP waveforms presented in this thesis has contributed significantly 

towards understanding the normal ICP waveform dynamics (in conscious rats and sheep), and 

the changes they undergo with increases in mean ICP (within physiological levels, i.e. < 25 

mmHg), due to artificially induced hydrocephalus (induced using basal cistern Kaolin 

injections in rats and direct intra-cerebro ventricular saline infusion in sheep). The main 

contributions of this thesis include:    

 This thesis provides better insight into the process of hydrocephalus development by 

using artificially induced hydrocephalic animal models and analysing the relevant 

physiological parameters in them. This study verifies the current understanding of 

reduction in cranial compliance and its impact due to hydrocephalus development in 

humans.    

 Novel spectral and time domain analysis of conscious rat’s ICP & AP waveforms, 

revealing and quantifying distinct change(s) in ICP signal shape and spectrum from 

normal to Kaolin induced hydrocephalic conditions.  

  Verification of the reduction in cerebral compliance idea with the development of 

hydrocephalus and the Monro-Kellie doctrine in conscious rats, which has previously 

been unreported in the literature, to the best of my knowledge. 

 The changes in rat spectrum are different to those in sheep with the development of 

hydrocephalus. In rats, the cardiac frequency band is absent in normal ICP signal and 

appears with the development of hydrocephalus. Whereas, in sheep, the cardiac band 

is present in normal ICP waveform and its strength increases with the development of 

hydrocephalus. This indicates that the physiological frequencies contributing to the 

ICP waveform and/ or the behaviour of the cranial compliance and its changes with 

the development of hydrocephalus varies from species to species.  
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 To the best of our knowledge, this is the first study to discuss ICP & AP waveform 

dynamics under healthy and high ICP conditions in conscious small (rat) and large 

(sheep) animal model.  

 The rat results show, that along with a reduction in cranial compliance with 

hydrocephalus development (similar to sheep), an electrical band-pass filter like 

behaviour of the cranial vasculature that changes its cut-off frequency under normal 

and high ICP conditions.  

 Most significant and novel finding of this thesis is that in healthy conscious sheep, 

modest physiological increase in mean ICP drives almost matched elevations in blood 

pressure via renal sympathetic nerve activity at physiological ICP level (< 25 mmHg) 

and not just pathological (as previously thought, from work of Harvey Cushing and 

others). 

 My research has contributed significantly towards and shown experimental evidence 

for the emerging “Selfish-Brain” hypothesis, which advocates that the brain priorities 

self-perfusion even at the expense of hypertension. Results of this thesis confirm that 

cerebral perfusion pressure is the key physiological parameter that is sensed for ICP’s 

pressor response in conscious sheep. 

 Evidence of such a novel intracranial baroreflex at normal physiological ICP levels will 

hopefully, help the patients with raised sympathetic tone and might provide an 

explanation of idiopathically raised blood pressure in certain patients. It can 

potentially explain why some people with a concussion or traumatic brain injury have 

higher than their usual blood pressure. It also raises the possibility that those increases 

in AP are necessary to maintain CPP so perhaps should be allowed and not treated. 

Additionally, the data and analysis presented in the previous chapter suggest that 

better control of cerebral perfusion pressure could be a potential new target to 

decrease sympathetic nerve activity and blood pressure in clinical practice. Figure 71 

below shows a schematic outlining the complex closed loop relationship between ICP-

AP at physiological ICP levels via SNA probably to maintain cerebral perfusion, along 

with influences from other AP regulators. I speculate that the presence of the obvious 

and widely discussed endogenous AP regulation possibly masks or maybe even 
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overrides (possibly in order to regulate very high AP) the subtle ICP-SNA-AP 

relationship making it less evident.  

 

 

Figure 71: A schematic of the complex closed loop relationship between ICP-AP. Dynamically, the AP waveform drives the 
pulsatility of the ICP waveform.  Even at physiological ICP levels, changes in the mean levels of ICP drive changes in AP via 
SNA, probably to maintain cerebral perfusion. The presence of other AP regulators, which are influenced by changes in AP 
and factors like oxygen levels, temperature, ejection fraction and blood volume etc. possibly overshadows the subtle ICP-
SNA-AP relationship. 

  



Conclusions and Suggested Future Work 

Thesis Chapter 6 Page 121 

 Research Publications 

 Conference Abstracts, Posters, and Talk/ Oral presentations 

Measurement and Interpretation of Intracranial Pressure (Poster) 

Utkarsh Anand Saxena, Sarah-Jane Guild, Simon Malpas, Auckland Bioengineering Institute 

Research Forum, Auckland, 2016. 

ICP waveform dynamics in conscious hydrocephalic rats (Talk/ Oral) 

Utkarsh Anand Saxena, Simon Malpas, Sarah-Jane Guild, 16th International Conference on 

Intracranial Pressure & Neuromonitoring, Massachusetts Institute of Technology (MIT), 

Cambridge, MA, USA, 2016. 

Physiological changes in intracranial pressure affect arterial pressure (Poster) 

Sarah-Jane Guild, Utkarsh Anand Saxena, Simon Malpas, Fiona McBryde, and Rohit Ramchandra, 

Published Online:1 Apr 2017, The FASEB JOURNAL, Available 

from:http://www.fasebj.org/content/31/1_Supplement/1012.4.abstract.  

Does ICP influence BP? (Poster & Talk/ Oral) 

Utkarsh Anand Saxena, Sarah-Jane Guild, Simon Malpas, Auckland Bioengineering Institute 

Research Forum, Auckland, 2017. 

 Journal Paper 

Intracranial pressure influences the level of sympathetic tone 

Sarah-Jane Guild, Utkarsh Anand Saxena, Fiona D. McBryde, Simon C. Malpas, and Rohit 

Ramchandra  (Guild S-J, Saxena UA, McBryde FD, Malpas SC, Ramchandra R. Intracranial pressure 

influences the level of sympathetic tone. Am J Physiol Integr Comp Physiol [Internet]. 2018 Sep 12 

[cited 2018 Sep 30];ajpregu.00183.2018. Available from: 

https://www.physiology.org/doi/10.1152/ajpregu.00183.2018), (95). 

The American Physiological Society (APS) selected the publication mentioned above for the 

APSselect award. ‘APSselect’ is a collection from the APS that showcases some of the best 

recently published articles in physiological research. 

(https://www.physiology.org/doi/abs/10.1152/ajpregu.00183.2018%40apsselect.2018.5.issue-11).  
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 Suggested Future Work 

The introduction chapter of this thesis discussed some of the drawbacks of mean ICP centric 

approach to neuro-critical care and pointed out the significance of ICP waveform analysis.   

The popular methods for such ICP waveform analysis were presented in chapter 2, the 

analysis of ICP slow waves being one of them. Although, many studies have utilised ICP slow 

wave analysis to evaluate post-treatment patient outcome or formulate their initial prognosis 

or evaluate cranial compliance and other cerebro-vascular parameters. The physiological 

origins of ICP slow waves still remain elusive. In this study, we analysed ICP slow waves along 

with other variables and used the increases in their spectral band magnitudes (with increasing 

mean ICP) as an indicator of reducing cranial compliance, and explored the ICP- renal SNA- AP 

relationship at physiological high ICP levels (i.e. not pathologically high ICP > 25 mmHg) in 

sheep. The surgical/ experimental alterations made to the physiological systems (i.e. ICV 

saline infusion, Kaolin injections, telemeter / sensor implants etc.)  had little to no detrimental 

effect on the behaviour or physiology of the animal models when compared to their original 

control conditions. However, there are several avenues that may be explored in future 

studies. 

The following areas were identified where research would lead to an improved understanding 

of the ICP waveform dynamics and the ICP-AP system. 

 Based on the understanding developed in thesis regarding the normal and high ICP 

frequency response and how it relates to physiology, it might be useful to develop 

transfer function or ICP-AP system response, models. Using parametric modelling or 

machine learning tools to gain a better understanding of the ICP-AP system frequency 

response and further explore how might different mean ICP elevations alter the cut-

off frequency values. Somewhat similar to changes observed in rat ICP spectrums 

(analysed in Chapter 3), where the upper cut-off frequency of ICP spectrum (possibly 

dependent on the behaviour of the cerebral vasculature), changed to allows faster 

cardiac components to appear in the ICP spectrum under elevated mean ICP levels.  

 Modelling the ICP-AP system in sheep will require a large amount of signal data for 

training and validation datasets. Such chronic data may be obtained by long-term data 

measurement and recording in sheep through telemetry. In addition, such chronic 
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data can also be used to analyse if chronic increases in ICP caused a chronic increase 

in AP. However, such chronic data collection in a large conscious animal will have 

multifold challenges related to signal processing and conditioning, designing data 

collection and management protocols for effective data segmentation, problems 

related to managing infections and housing conditions of animals etc. Some of such 

problems might be overcome using telemetry for data collection. 

 Upon development of chronic data collection & recording (possibly through 

telemetry) and animal housing protocols for large animal model (sheep) that are 

suitable for ICP, AP and renal SNA measurements as mentioned above, it may be 

worthwhile to compare and contrast the response of the ICP-AP system under Kaolin 

induced hydrocephalic and saline infused hydrocephalic conditions in large conscious 

animals.     

 The most significant finding of this thesis is the pressor response of ICP via renal 

sympathetic nerve activity. It would be extremely useful to understand the exact 

physiological mechanism and possible chemo/ baro sensitive pathways responsible 

for driving and linking the rise in mean ICP to renal SNA, which in turn produces a 

matching rise in blood pressure.  

 Although, administration of hexamethonium in sheep suppressed the sympathetic 

nerve activity and abolished the rise in AP to physiological increase mean ICP levels 

and conclusively showed the involvement of renal SNA as previously discussed in 

chapter 5. It would be interesting to see the ICP-AP relationship in barodenevated 

animal models and explore if this allows the SNA to keep increasing to keep elevating 

AP. This might allow us to narrow down the exact physiological mechanisms 

responsible for the complex ICP-SNA-AP relationship in conscious animals, which 

would also improve our understanding of such mechanisms in humans.     

 Lastly, a lack of ICP slow waves/ B waves has been related to poor outcome in patients 

and may suggest more aggressive treatment/ intervention is required 

(46,161,164,289–293). Before ICP slow wave analysis can become an established 

clinical tool, more information about their origin and behaviour is needed. Data from 

conscious animal models such as sheep provide the possibility for such an analysis. As 

they allow the flexibility to manipulate ICP levels between control and high ICP 
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conditions, which would otherwise be extremely difficult in patients. Carrying out such 

an analysis would ideally require chronic stable high ICP waveform data, probably 

obtained using Kaolin induced hydrocephalic sheep model or through slow ICV 

infusion over a long duration (ideally overnight to get sufficient signal data, as signal 

frequencies of interest are very low). Doing this can be very tricky and difficult, 

especially given the constraints (as mentioned previously) in dealing with conscious 

animals.  

Finally, successful research and development based on the goals outlined above along 

with the analysis presented in this thesis could provide a solid foundation for the 

development of a real time bedside monitor for neurocritical patient care. Such a 

neurocritical monitoring device could possibly function by analysing the ICP and blood 

pressure waveforms (using methods similar to those used in this thesis) and predict future 

ICP levels using predictive ICP-AP system models for early warning and prevention of high 

ICP related casualties in neurocritical care centres. Lastly, it could also analyse cerebral 

perfusion pressure that was found to be crucial for blood pressure regulation even at 

physiological ICP levels (as shown by the analysis presented in this thesis) and not just 

pathological. 
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