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ABSTRACT OF THE THESIS 

Investigating the Applicability of the Compensatory Reserve Index for Forecasting 

Intracranial Pressure Events 

by BIANCA PINEDA 

Thesis Director:  

William Craelius 

 

 

There are about 1.7 million cases of traumatic brain injury in the U.S. annually. 

After injury, the body‘s compensatory mechanisms cause fluid to accumulate in the 

cranium. This gives rise to elevated intracranial pressure (ICP) which then causes 

ischemia.  To compensate for this, vessels dilate causing more fluid to build and the cycle 

to repeat. If left unchecked, this cycle compromises cerebral autoregulation such that the 

body cannot maintain stable ICP in response to changes in volume. This leads to 

intracranial hypertension and secondary injuries such as hemorrhaging, etc. In order to 

prevent secondary injury, the standard of care for patients with moderate to severe head 

injuries is to monitor their ICP in surgical intensive care units. However, treatments are 

only implemented after ICP has reached a critical value and noticeable damage has 

occurred. The goal of this project is to develop a method to forecast the occurrence of 

these critical events in ICP so that treatments can be applied preemptively.  
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Working towards this goal, a numerical descriptor of cerebral autoregulation 

called the compensatory reserve index (RAP) was analyzed for its potential ability to 

forecast rises in ICP. Retrospective data was analyzed from two patients with TBI who 

were monitored for 38 and 340 hours, respectively. Hours were separated into either 

‗stable‘ or ‗unstable‘ periods of ICP according to established rules and RAP calculated 

for each hour. Results showed that, 1) the cumulative distribution of RAP calculated in 

‗stable‘ ICP periods differs significantly from that in ‗unstable‘ periods (p < 0.001), 2) in 

several instances of ICP elevation, RAP exceeded the set threshold in both patients with 

latency values normally between 1-3 minutes. Thus, the results support the hypothesis 

that RAP is significantly associated with hemodynamic instability and its potential as a 

predictor of the same. 
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Introduction 

Traumatic brain injury (TBI) occurs when a mechanical impact or trauma to the head 

causes a closed or penetrating injury which results in the deformation of brain tissue. 

Depending on the nature, speed, and location of the impact—the injury can range 

anywhere from a mild concussion to an extended loss of consciousness [1]. 

I. Population 

 TBI is the leading cause of death and disability worldwide [2]. The risk of TBI is 

especially high among adolescents, young adults, and people older than 75 years [3]. 

However, in reality TBI can happen to anyone, anywhere, anytime. The top causes of 

TBI include accidents, falls, and sports injuries with falls being the leading cause of 

traumatic brain injury for all ages [4]. At least 5.3 million Americans are currently living 

with disabilities resulting from TBI. Most of whom have a 2.3-4.5 times increased risk of 

Alzheimer‘s disease. In addition, Veterans‘ advocates believe that between 10 and 20% 

of Iraq veterans (150,000 and 300,000 service members) have some level of TBI due to 

exposure to blasts in war zones [5, 6]. 
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II. Current Problems, Challenges, and Needs 

 The problem with TBI is that there is a likelihood of secondary injury which can 

manifest in the hours, days, and weeks following the initial trauma [7]. Often, secondary 

injuries to the brain can be more dangerous than primary injuries because they linger and 

progressively get worse without treatment. Several factors contribute to the formation of 

secondary injuries post-TBI such as hypoxemia, hypotension, intracranial hemorrhage, 

and especially increased intracranial pressure (ICP) [1].   ICP is the primary predictor of 

outcome following TBI and is closely monitored in patients (Fig. 1). Outcomes directly 

relate to the control of intracranial pressure (ICP) [8-10]. This is because the increased 

fluid pressure (due to cerebrospinal fluid influx) leads to swelling, which impairs cerebral 

blood flow and causes further ischemic tissue damage [7].  

 

Figure 1: Cascade of events within the skull after primary insult. High / dangerous levels 

of ICP defined as > 20 mmHg  
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Basic Measures 

•Patient positioning 

•Normothermia 

•Seizure 
prophylaxis 

•Eunatremia 

•Euvolemia 

•Normoventilation 

Tier I 

•CSF drainage 

•Analgesia 

• Fentanyl 

• Morphine 

•Anxiolytic 

•Propofol 

•Midazolam 

Tier II 

•Chemical 
paralysis 

•Vecuronium 

•Pancuronium 

•Mild/moderate 
hyperventilation 

•Continuous 
brain oxygen 
monitor 

Tier III 

•Decompressive 
craniaectomy 

• +/- lobectomy 

Tier IV 

•Metabolic 
coma 

•Moderate 
hypothermia 

•Target 33-35 
degrees C 

In order to prevent secondary insults, patients are often transferred to an intensive 

care unit (ICU) for neurocritical care management. ICP monitoring is indicated for 

patients with moderate to severe traumatic brain injury and a Glasgow Coma Scale 

(GCS) score of less than or equal to 8 with an abnormal computed tomography (CT) 

scan. Current treatment measures for elevated ICP include: patient positioning—where 

elevation of the head of the bed (HOB) from 0 to 30° significantly decreases ICP, 

hyperosmolar therapy—where drugs such as Mannitol are delivered, and cerebrospinal 

fluid drainage (Fig. 2). Regardless, admission to an ICU does not eliminate the 

occurrence of secondary insults [7]. 

 

  

 

 

 

 

 

 

 

 

 

Figure 2: Stepwise Approach to the Management of ICP / Cerebral Perfusion Pressure 

(CPP)-Guided Therapy: treatment initiated to maintain ICP > 20 mmHg and CPP > 60 

mmHg. Adapted from [7] 

 

The problem with the outlined approach is that therapeutic decisions are made 

after ICP elevation and subsequent damage has already occurred. Thus, the overall goal 

of this project is to engineer a device / develop metrics that can provide continuous and 

accurate predictive information in order to improve therapeutic outcomes for TBI. This 

will enable treatments to be preventive rather than corrective.  
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Literature Review 

I. Monro-Kellie Doctrine and Pathophysiology 

The Monro-Kellie doctrine states that the cranium (and spinal canal) can be 

thought of as a closed, rigid container with a constant volume. Therefore, the sum of the 

volumes of the brain, intracranial blood, and cerebrospinal fluid is constant. Furthermore, 

assuming that the contents are incompressible, this implies that changes in volume in one 

component will cause a reciprocal change in volume in the other components [11].  

Figure 3: After TBI, this cycle amplifies ICP and volume until cerebral AR is 

compromised – thereby causing secondary injury. 

After a patient is subjected to TBI, the body's normal healing response will cause 

fluid (CSF) to accumulate in the intracranial space – thereby elevating the ICP. Since 

total volume is constant, this increase in CSF causes a decrease in venous/arterial blood 

volume [12]. As a consequence there is decreased cerebral perfusion and ischemia. Due 

to the lack of blood flow, the body compensates by increasing vessel compliance 

(vasodilation). Unfortunately, this compensatory mechanism causes pressure (ICP) to 

increase further.  

Increased 
ICP 

Decreased 
Cerebral 
Perfusion 

Ischemia 

Cerebral 
Edema 

(swelling) 
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This compensatory cycle (Fig. 3) can cause intracranial hypertension (IH) and secondary 

injuries such as ischemic tissue damage and brain stem herniation if left unchecked. Due 

to this pressure-volume relationship, CSF drainage is often used to decrease ICP. In fact, 

draining as much as 3 ml of fluid was found to decrease ICP by 10.1% (relative to the 

baseline value) for 10 min [13]. 

II. Cerebrovascular Autoregulation 

 Cerebrovascular autoregulation (AR) is the underlying mechanism responsible for 

managing cerebral perfusion and ICP. This is done by varying the resistance of blood 

vessels (through either vasodilation or vasoconstriction) in response to changes in blood 

pressure and by maintaining constant cerebral blood flow (CBF) rate in order to keep 

tissues constantly oxygenated. Impairment of cerebrovascular AR increases the risk for 

secondary brain damage [14]. Thus, predicting the behavior of this complex 

physiological control system is essential to rational treatment of its breakdown following 

TBI.  

Considering its importance, many laboratories are searching for accurate 

predictors for AR [15-23].  The most common approaches can be divided into two 

categories:  (1) models, which combine several parameters into a single index/prediction, 

and (2) waveform analysis, which uses evolving ICP pulse waveform features as 

predictors of future values. This paper will focus primarily on the compensatory reserve 

index – which falls into the first category of cerebral AR models. 
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III. Cerebral AR Models   

 Models derive indices of the internal state of the AR system from physiological 

parameters that are measured in TBI patients such as ICP and arterial blood pressure 

(ABP). For example, CPP measures the net pressure gradient causing cerebral blood flow 

to the brain and is the simplest / most clinically used index. CPP is defined as CPP = 

MAP – ICP (expressed in mmHg) where MAP is the mean arterial pressure (typically 

averaged over 5 minutes).  The problem with CPP is that there is no established optimal 

CPP following TBI due to limited Class 1 study data indicating an optimal CPP threshold 

for TBI. However, data from a few studies do indicate that cerebral blood flow declines 

to ischemic range when CPP varies between 50-60 mmHg [24]. Other commonly used 

models include: the pressure reactivity index (PRx) which is defined as the least square 

regression slope of ICP and MAP (over 20 minute periods), the Mx index which is based 

on CBF from transcranial Doppler signal, cerebral blood oxygenation using near infrared 

spectroscopy, and arterial CO2 [15, 19-21, 25]. However, since one metric may not apply 

to all cases, dynamic, multicomponent models have been used to assess AR both 

retrospectively and prospectively. These models have accurately predicted (retroactively) 

AR responses to manipulations such as HOB, using recorded data from TBI patients [23, 

26].   
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IV. The Compensatory Reserve Index (RAP) 

As previously discussed, there is a relationship between ICP and intracranial 

volume. However, due to the cyclic compensatory mechanisms at play, it is difficult to 

tell how far along a patient is before complete loss of cerebral AR and damage occurs. 

The index of compensatory reserve is a cerebral AR model that characterizes the 

pressure-volume relationship. It is otherwise known as RAP because it is the correlation 

(R) between the pulse amplitude of the ICP (A) and the mean of the ICP (P) –where the 

pulse amplitude (AMP) is the slope of the intracranial pressure-volume (PV) curve (Fig. 

4) [34-5]. In order to understand RAP and how it can be used, it is essential to understand 

the associated pressure-volume curve and its physiological translation.  

The pressure-volume curve can be divided into three stages. In the first stage, 

RAP ~ 0 which means that the pulse amplitude is not correlated with mean ICP (mICP). 

At this stage cerebral AR is still intact because changes in intracranial blood volume do 

not cause rapid changes or large fluctuations in ICP. As volume and pressure increase 

(typical in a brain injury and IH), the curve approaches stage 2. At this stage, RAP is high 

and positive (~ 1) which means that pulse amplitude varies along with mICP. As 

illustrated (Fig. 4), when RAP is positive and ICP is high, small changes in volume can 

cause large fluctuations in ICP. Physiologically, this indicates poor compensatory reserve 

/ AR as well as decreasing compliance as vessels dilate in response to increasing pressure 

and volume. As ICP values reach a critical threshold (~ 50-80 mmHg), RAP starts to 

become negative as the curve proceeds to stage 3 [31]. Here, the pulse amplitude 

decreases as ICP increases.  
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This occurs because the vessels lose the capacity to dilate any further and instead collapse 

under high pressure. At this stage, there is complete loss of AR and compensatory 

reserve.  

As demonstrated, the pressure volume curve is such that low pulse amplitude is 

observed both in stages 1 and 3. Thus, by correlating the pulse amplitude to mICP (i.e. 

RAP), it is easier to tell how the two are interacting and where on the curve one is at. 

Numerous studies have shown that RAP is indicative of  patient outcome. For example, at 

high ICP values, a sign change in RAP from positive to negative (breakpoint) was 

observed in patients with a fatal outcome [32, 34-5]. Studies have also shown that RAP 

changes in response to decompressive craniectomy, hyperventilation, body position, 

shunting, infusion studies, and even during sleep [33, 36-7].  
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Figure 4: Intracranial PV curve with stages described in Table 1. RAP reflects the 

relationship between the volume of intracranial space and ICP. Pulse amplitude (AMP) 

represents the slope of the PV curve. Typically RAP is high in magnitude and positive 

following head injury. Adapted from [34, 52] 

 

Table 1: Summary / description of each stage of the intracranial PV curve 

Stage 1 RAP ~ 0 

 AMP and mICP 

not synchronized 

∆V  small ∆ICP  

(low pulse amplitude) 

 Good compensatory reserve 

 AR intact, stable 

Stage 2 RAP ~ +1  

 AMP varies with 

mICP 

∆V  rapid ∆ICP 

(high pulse amplitude) 

 Poor AR / compensatory reserve 

Stage 3 RAP ~ -1  

 AMP decreases 

as mICP 

increases 

 Low pulse amplitude 

 Maximally dilated vessels  collapse from 

high pressure 

 No cerebral AR / compensatory reserve 
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Hypothesis 

RAP has been used in other studies to assess cerebrospinal fluid dynamics in 

hydrocephalus/head injury, determine the value of overnight monitoring of ICP, and 

observe the effect of craniectomy on ICP [36, 42-44]. However, there is still currently no 

consensus in literature on the forecasting reliability of the RAP index. In addition, 

literature reveals no direct comparisons of the relationship of ICP vs. RAP on the same 

graph. Rather, RAP has mostly been studied in relation to outcome [34-37, 40-50]. Thus, 

keeping the PV curve in mind, it is hypothesized that a graphical comparison of the 

calculated RAP with monitored ICP values will help simplify and map out how unstable 

a patient is and how close they are to complete loss of cerebral AR. It is further 

hypothesized that investigating elevated ‗events‘ in ICP can provide evidence that the 

RAP index is associated with hemodynamic instability. This can help determine the 

potential of RAP for forecasting. 
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Methods 

A module was developed in order to siphon, compress, and store signals from 

existing monitors in the surgical intensive care unit (SICU). This module, called the 

continuous hemodynamic autoregulation monitor (CHARM), can also be programmed to 

search for statistical relationships between any proposed index and adverse events. Over 

an 18 month period, CHARM has collected continuous records of ABP, ICP, 

electrocardiogram (ECG), blood oxygen level and respiration from 29 patients with TBI. 

Overall, the goal is to examine possible relationships among the various AR indices. 

Thus far, three different indices have been investigated: the PRx which is a commonly 

used AR index, the phase-area ratio (PAR) score (newly developed), and RAP which is 

the focus of this study. Once an optimized set of indices/algorithms have been developed 

– they will be weighted, consolidated into one index, programmed into CHARM, and 

tested with real-time patient data.  
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I. Gathering Data 

 ICP signals were collected from patients with TBI who are being monitored in the 

SICU of Robert Wood Johnson University Hospital (RWJUH). Data were gathered from 

standard clinical monitors routinely used in the SICU (Fig. 5) without interfering in 

patient monitoring. In addition, the study was approved by the Rutgers IRB and all data 

were de-identified to eliminate risks of unauthorized disclosure of personal identifiers (in 

accordance with HIPAA).  

 

Figure 5: Data collected via analog outputs from the back of a TRAM housing unit: GE 

Tram-rac 4A; analog outputs were collected using NI-USB 6210 DAQ; signal was 

sampled at 50 Hz, with a resolution (absolute accuracy) of 1.41 mV at ±5 V analog input 

range, which is equivalent to the pressure resolution of 0.141 mmHg, and capable of 

detecting ±500 mmHg range 

ICP was continuously monitored with intraparenchymal microtransducers (Camino 

Direct Pressure Monitor). In some patients, ICP data were intermittently available from 

ventriculostomy procedures.  
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II. Data Validation 

Data validation was completed by cross-correlating the CHARM data acquisition 

unit data stream with that from the hospital SICU monitor. The result was adequate cross 

correlation between the two signals (Fig. 6). Therefore, it was concluded that the data 

obtained from the CHARM units were valid. Modules for identifying channels, artifact 

rejection, and peak detection have also been programmed and tested [38] 

 

Figure 6:  Data being collected by CHARM were correlated with the signals obtained 

from hospital monitors and showed a cross correlation of 1.00   
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III. Data Pre-processing 

One of the initial challenges encountered was differentiating between usable 

patient ICP data and abnormal data due to sensor dislodgement/disconnection, etc. One 

measure that was taken to help remedy the problem was setting thresholds on the data—

where any segments (length = 3 s) with ICP values that were negative or greater than 80 

mmHg were determined to be non-relevant physiological signals and removed. These 

thresholds were set based on feedback from Dr. Danish and normal physiological ICP 

values [39]. Additional feedback also revealed that changes in ICP that are not sustained 

are usually ignored by nurses due to the fact that they could be caused by events such as a 

patient coughing, etc. Thus, instantaneous changes in ICP were also filtered out by 

removing segments (of length = 3 sec) where the derivative of ICP (dICP) is less than -1 

or greater than 2 (Fig. 7). These values were determined by comparing the distribution of 

valid vs. invalid ICP data (Appendix A). 

Figure 7: Example of raw vs. processed ICP data prior to RAP calculation. Non-relevant 

data were filtered out by applying a moving window that removed segments that 

exceeded a set threshold of ICP and dICP (slope) 
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After invalid segments were removed, a Butterworth low-pass filter was used to 

smooth the data and remove noise from non-relevant frequencies (Fig. 8). The filter 

parameters were determined from frequency values found experimentally and in literature 

[39]. The parameters used were as follows: 4 Hz passband frequency, 5 Hz stopband 

frequency, 1 dB passband ripple, 5 dB stopband attenuation (for data sampled at 50 Hz). 

 

Figure 8: ICP signal before and after application of Butterworth low-pass filter 
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IV. RAP Calculation 

Calculation of the RAP index was adapted from previous methods [34-7, 39-40]. 

In order to calculate mICP and AMP, a 300 pt. moving window (rectangular, no overlap) 

was applied to the filtered ICP data. mICP was obtained by using the mean ICP value of 

every window. In order to calculate AMP, an FFT was obtained for every 300 pt. 

window. The amplitude of the first fundamental harmonic component (AMP) was then 

isolated by extracting the maximum value between 1 and 4 Hz (Fig. 9).  Although, this 

method consistently yields values lower than the peak to peak amplitude, it is equivalent 

to time domain analysis, better correlates with mean ICP, and minimizes the influence of 

noise and measurement errors [32, 41]. 

 

Figure 9: FFT of ICP. The y value of the highest peak within the frequencies of 1-4 Hz 

was used as the pulse amplitude (AMP) value for every 300 pt. (6 sec.) window. 
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The RAP index was obtained by computing the linear correlation between the 

amplitude and mean of the ICP data. A RAP value was calculated for every 40 

subsequent values of mean AMP and mICP using a first in, first out (FIFO) method. RAP 

values were then calculated for simulated and real ICP data for comparison (Fig. 10-12, 

Appendix B). 

V. Distribution Analysis 

When it comes to ICP, there is no absolute agreement on the threshold level at 

which treatment should be administered. In reality, it varies depending on age and disease 

type. For example, in hydrocephalus, values > 15 mmHg are regarded as elevated. On the 

other hand, for head injured adults, the threshold is between 20-25 mmHg [50]. Similarly, 

there is no universally accepted threshold for RAP values. In order to determine 

appropriate thresholds for stable vs. unstable ICP/RAP values, an event finder was used 

to demarcate unstable segments in ICP. The event finder works by obtaining the ICP 

trend through the application of a low-pass filter (1-2 Hz) followed by a least squares 

polynomial fit (1
st
 order). When the slope of the trend exceeds a value of 0.15 (values 

range from 0.1 to 0.2), the associated ICP segments were marked out and plotted. This 

allows for a visual indicator of unstable ICP events (Fig. 15-7).  
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The event finder was applied to 38 hours of ICP data recorded from a patient that 

was admitted with TBI (GCS = 4) and eventually discharged for rehabilitation (GCS = 14 

at discharge). First, the data were separated into 1 hour segments. Then RAP was 

calculated for each hour. Finally, ICP and their associated RAP segments were 

categorized as stable if they contained no events and unstable if they contained events. 

The distribution of stable vs. unstable ICP and RAP were then plotted and the nearest 

probability distribution fit applied (Fig. 13, Appendix C).  

VI. Comparison and CRPs: ICP vs. RAP, AMP vs. mICP 

First, ICP vs. RAP was plotted for simulated data (Fig. 17). Then, data from 2 

patients was used to investigate the relationships between RAP and ICP. Patient 1 was as 

previously described in section (V) of methods. Patient 2 was also admitted with TBI and 

later discharged for rehabilitation, but was monitored for a longer amount of time (340 

hrs). First, ICP and RAP were plotted separately to investigate the latency between RAP 

and ICP events (Fig. 14-5). Then, using the experimentally determined thresholds for ICP 

and RAP (Fig. 16), mean ICP and RAP data were plotted against each other (via scatter 

plot) for every hour of data to investigate possible relationships (Fig. 18-21). The 

resulting scatter plots will be referred to as compensatory reserve plots (CRP). Note that 

ICP data were down-sampled to the size of the RAP segment for each hour. Thus, the 

density of ICP points is equivalent to that of the RAP. In addition to the aforementioned, 

the amplitude vs. mean ICP were also plotted for every hour and fitted with a linear trend 

line (Fig. 22-3) to investigate any possible breakpoints (changes from positive to negative 

RAP).  
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Results and Discussion 

I. Comparison of Simulated vs. Real ICP Data 

In order to determine whether the RAP calculation was running properly, it was 

used on both simulated and real ICP data (Fig. 10) where the simulated data was 

programmed to have constant amplitude and mean (Fig. 11). Note that the simulated 

AMP and mICP appear relatively smooth, but both contain 40 dB magnitude white noise 

(Appendix B).      

 

 

 

 

Figure 10: a,c) segments of filtered ICP signal (a: 6 sec; b: 5 min); b,d) segments of 

simulated ICP signal generated (c: 3 sec; d: 5 min). Note: difference in rates (a,b) 

 Figure 11 shows that the RAP calculation correctly estimates both the amplitude 

and mean of the simulated signal.  As expected, using the FFT method means that the 

amplitude estimation is always consistently lower than the peak to peak amplitude 

(previously discussed). In addition, it can be observed that the calculated RAP for the 

simulated signal yields consistently low values for a low mean ICP of approximately 20 

mmHg which is what would be expected for a constant, stable signal. The calculated 

variance was 0.0234. Small fluctuations may be due to the noise added to the signal.  

  

a) 

c) 

b) 

d) 
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Figure 11: Calculated RAP (4 hrs) for simulated ICP signal (σ
2
 = 0.0234). Note: variance 

is occurring at a higher frequency compared to real ICP data due to 40 dB noise. 

Constantly low RAP values (near 0) at low ICP mean that this signal would theoretically 

be stable. 

 In comparison, real ICP values have a higher calculated variance and are mostly 

positive. The values observed were also expected. Since the data used were from a TBI 

patient, (with compromised AR) RAP should be positive and the signal more prone to 

fluctuations.  

 

Figure 12: Calculated RAP (1 hr) for measured ICP signal from TBI patient  

(σ
2
 = 0.0675). Higher variance observed due to unstable ICP. 
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a) b) 

II. Comparison of Stable vs. Unstable Distributions 

As aforementioned, segments of data were defined as ‗stable‘ if there were no 

marked events for the entire hour. Conversely, if the segment contained events, the data 

were defined as ‗unstable‘. It was observed that the probability distribution of stable vs. 

unstable ICP data (Fig. 13a) did not seem to differ in terms of position with values in the 

same region. However, stable ICP data contained a higher density of stable values (~15 

mmHg) in comparison to unstable data which was expected. Based on the distribution 

results, it is difficult to tell whether ICP is stable or unstable by using a threshold. 

However, since it has been previously determined that using the clinical ICP threshold of 

≥ 20 mmHg increases the probability of good outcome, this threshold was used instead 

[51]. On the other hand, though there is some overlap, there is a clear shift in RAP for 

stable vs. unstable values (Fig. 13). Thus, a RAP threshold (0.5) can be used to 

differentiate between stable vs. unstable with 83.4% reliability (Appendix D). 

 

 

 

 

 

Figure 13: a) Probability distribution of unstable (red) vs. stable (blue) ICP data. b) 

Probability distribution of unstable (red) vs. stable (blue) RAP data. The black reference 

line at 0.5 marks the threshold chosen for categorizing events as unstable. 
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III. Latency Between RAP Increase and ICP events 

 

For the patients investigated, the latency period between RAP and ICP events varied 

(≤ 5 min) but was normally 1-3 min. The start time was determined by the point at which 

RAP exceeded the set threshold prior to an event while the end time was set at the ICP 

event. The data investigated thus far indicates that RAP has potential for forecasting (Fig. 

14-5). However, more patients must be observed to calculate an average latency period. It 

is also possible that there are different latency periods for different types of events. 

 

Figure 14: Patient 2, Hr 7 – RAP crosses the threshold and stays positive approx. 3 

minutes before an event occurs in ICP. 
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Figure 15: Patient 1, Hr 25 – RAP crosses the threshold approx. 30 seconds prior to the 

event  

 

IV. ICP vs. RAP 

The compensatory reserve plot (CRP) of ICP vs. RAP has been marked with the 

previously determined RAP threshold of 0.5 and the clinical threshold of 20 mmHg. The 

interpretation of the CRP is described in figure 16. 

 

Figure 16: The CRP has been 

separated into regions based on 

thresholds demarcated by the red 

lines. Any values in the red regions 

mean that the patient is very 

unstable (due to high values of ICP 

coupled with a high RAP 

magnitude). Values in the blue 

region mean that the patient is most 

likely stable (due to low ICP 

coupled with low amplitude values) 

[32, 34]. Values in any other areas 

are indeterminate  
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i. Simulated ICP Data 

Figure 17 shows the CRP for an hour of simulated ICP data. The CRP of 

simulated ICP data shows expected values. It can be seen that the ICP and RAP stay 

within stable regions (Fig. 17b). Note that the mean does not lie in the center of the 

shown ICP range (see Fig. 10a) 

 

 

 

 

 

Figure 17: a) 1 hour of simulated ICP and calculated RAP values, b) CRP of ICP vs. 

RAP values for simulated ICP in (a) 

 

ii. Hours 22-24 : ICP vs. RAP in TBI Patient 1 

Figure 18 shows how ICP and RAP (22
nd

 -24
th

 hour) vary before, during, and 

after an event has occurred. In the 22
nd

 hour (Fig 18a-b), ICP and RAP are relatively 

constant. The CRP also shows that points stay densely packed within the stable regions. 

When the event occurs in the 23
rd

 hour (Fig 18c-d) data points spread out into the 

unstable regions with most points still in the stable region. After the event (Fig 18e-f), 

data is closer to the thresholds and less densely packed, but mostly within the stable 

region.  

a) b) 
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Figure 18: Patient 1;3 – 1 hour consecutive segments from 22
nd

 -24
th

 hours shows the 

distribution ICP and RAP before (a-b), during (c-d), and after (e-f) an unstable period. 

(a,c,e) 0.5 RAP threshold shown as dotted line with unstable RAP in red. Note: ICP data 

down-sampled to size of RAP for CRPs.  

a) 

c) 

b) 

d) 

e) f) 
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iii. Subsequent Hours 25-27 : ICP vs. RAP in Patient 1 

Figure 19 is composed of the subsequent three hour timespan in the same patient, 

but here it can be observed that after the event (Fig. 19c-d), RAP remains high despite 

what appear to be low, stable ICP values. This could mean that although the patient‘s ICP 

appears to have stabilized, their AR is still compromised for at least an hour after the 

event has occurred. In contrast to figure 18, there is a larger density of high RAP values 

in unstable regions in figure 19a-b. This is could be a cause, but further study needs to be 

done before making any conclusions. When RAP values finally stabilize in the 27
th

 hour, 

the points shift back to the stable region (Fig 19e-f). 

 

 

 

 

 

 

 

 

 

Figure 19: Patient 1;Subsequent 3 hour timespan (25
th

 -27
th

) shows stabilization 2 hours 

after an event (a-b). (c-d) illustrate that despite the appearance of low stable ICP, RAP 

values may stay high for a prolonged period before stable RAP values are reached (e-f) 

  

a) b) 
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Figure 19 cont’d 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iv. Hours 62-63 : ICP vs. RAP in TBI Patient 2 

Analysis of patient 2 during hours 61-63 reveals both similarities and differences 

with results from patient 1. During hour 61 (Fig. 20a), a sudden spike in ICP closely 

follows a transient rise in RAP – appearing to predict rise in ICP as a transient (3-4 min) 

event.  RAP then declined (and reached negative values) while ICP remained elevated 

until hour 62 (Fig.  20c- d). This contrasts with behavior observed in patient 1 (Fig. 19) 

where RAP remains above the threshold despite low ICP values. Looking at RAP alone, 

what is observed in figure 20 could mean one of two things – either AR is about to be lost 

or AR remains intact despite high ICP. When ICP is taken into account, it can be 

e) f) 

c) d) 
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concluded that the latter applies (since ICP returns to normal levels after 30-40 min). In 

addition, no events occur until hour 67. In the case of both patient 1 and 2 it becomes 

clear that RAP does not just follow the ICP trend but is sensitive to factors other than the 

ICP level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Patient 2; 3 hour timespan (61st -63rd) shows ICP and RAP before (a-b), 

during and after an event (a-b). Increased ICP is observed with low RAP, but ICP 

decreases after the event (c-d) and RAP maintains mostly positive values for subsequent 

hours with no event up to the 67
th

 hour (c-f) 

  

c) d) 

a) b) 
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e) f) 

Figure 20 cont’d 

 

 

 

 

 

 

 

 

v. Hours 127-129 : ICP vs. RAP in TBI Patient 2 

Figure 21 presents another scenario where high ICP accompanies high RAP. As 

aforementioned, this type of pairing is expected for patients with TBI and indicates 

compromised AR (Fig. 21c-d). It can be further observed that in the minutes prior to the 

event, average RAP exceeds the threshold and gradually increases despite low ICP (Fig. 

21a-b). Note that the lack of continuity is because RAP was calculated separately for 

each hour segment instead of continuously to ease processing. Again, it can be seen that 

after the events in hour 128, RAP remains high, but then stabilizes along with ICP (Fig. 

21e-f). 
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Figure 21 cont’d 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Patient 2; 3 hour timespan (127th -129th) shows increase in RAP despite low 

ICP prior to event (a-b) consistently high RAP during the event (c-d) and delayed RAP 

stabilization as ICP decreases below threshold after the event (e-f 

 

 

a) b) 

e) f) 

c) d) 
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V. Mean vs. Amplitude of ICP  

The mean vs. amplitude (mICP vs. AMP) plots showed low correlation 

throughout for both patients 1 and 2 (< 0.25). Only one breakpoint (change from positive 

to negative) was observed in the entire length of the data for both patients 1 and 2. As 

mentioned, breakpoints have previously been found as indicators of patient outcome. 

Sometimes the presence of a breakpoint correlated with a fatal outcome [32, 34]. 

However, no conclusion can be made here since both patients did not have fatal outcome 

with only one breakpoint observed for each patient. Figures 22-3 show the observed 

breakpoints for each patient. The breakpoints observed also represent a small change in 

slope while in literature the difference was higher (0.53 to – 0.358) for a fatal outcome 

[32]. Regardless, further research needs to be conducted on more patients with different 

outcomes to find what values would be indicative of fatal vs. good outcome. 
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Figure 22: Patient 1; 2 consecutive hours where a breakpoint or change from positive (a-

b) to negative (c-d) slope, was found in plotted amplitude vs. mean ICP data. (a) 14
th

 hour 

ICP and RAP data (b) amplitude and mean ICP data from that hour plotted against each 

other with a linear fit; slope = 0.10081 (c) 15
th

 hour ICP and RAP data (d) amplitude and 

mean ICP data from that hour plotted against each other with a linear fit;  

slope = -0.05813 

 

  

a) 

b) 

c) 

d) 
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Figure 23: Patient 2; 2 consecutive hours where a breakpoint or change from positive (a-

b) to negative (c-d) slope, was found in plotted amplitude vs. mean ICP data. (a) 62
nd

 

hour ICP and RAP data (b) amplitude and mean ICP data from that hour plotted against 

each other with a linear fit; slope = 0.18374 (c) 63
rd

 hour ICP and RAP data (d) amplitude 

and mean ICP data from that hour plotted against each other with a linear fit;  

slope = -0.041393 

  

a) 

b) 

c) 

d) 
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Future Work 

As previously discussed, further research for this project will need to include 

more patients for comparison. Since RAP is a normalized value, this should make it 

easier to compare between patients whereas mICP varies from patient to patient [32]. 

Data can be obtained from more SICU patients or via existing databases. The next step 

would be to find trends in ICP vs. RAP data. This can be done by quantifying and 

comparing the density/location of ICP vs. RAP points before, during, and after events. 

After categorizing the data, the distribution and location of points can be compared for 

several stacked events to see whether points tend to lie in specific regions, etc. When a 

sufficient number of patients/outcomes have been obtained, then RAP values (and 

breakpoints) can then be compared with patient outcome. In conjunction with the 

aforementioned, some further research should also be done to find the average latency 

between RAP and ICP events. This data can be used to determine how far ahead the 

index is capable of forecasting. Additionally, ICP and RAP events can be classified into 

categories to see whether there is a different latency period for each category. Finally, 

although data was collected from more than one patient for this project, the large amount 

of artifacts and noise has made it difficult to use much of the data. Moreover, nurses are 

also instructed to re-zero the ICP monitor every time something changes. This must be 

factored in to future data. Hence, developing a better noise/artifact filtering method is 

another important goal.  
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Conclusions 

 The novel findings in this study are: 1) the compensatory reserve plot (CRP) was 

introduced to quantify the relationship between RAP and ICP as shown in figures 18-21. 

CRPs codify the generally accepted notion of intracranial hemodynamic instability, 

whereby the degree of autoregulatory impairment is reflected in the relationship between 

RAP and ICP (as described by the pressure-volume curve), 2) positive RAP generally 

accompanied high ICP (Fig. 19a-b and 21) while low RAP accompanied low ICP (Fig 

18a-b and 19e-f), 3) The RAP distribution in ‗stable‘ states differs significantly (p < 

0.001) from that in ‗unstable‘ states (Fig. 13, Appendix E), and 4) in the cases examined, 

RAP spiked in the minutes prior to a rise in ICP. Therefore, RAP should be further 

investigated as a possible forecasting tool. If the RAP index is deemed to be a useful 

predictive index, the predictive efficacy of other indices will be compared against RAP. 

Once comparisons between different indices have been completed, a weighted 

combinatorial AR assessment algorithm will be installed in CHARM, and the growing 

database of SICU data will be tested to validate. After testing the AR algorithm, CHARM 

will be used for real-time TBI monitoring. 
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Appendix A 

Distribution of the Derivative of ICP (dICP): Valid ICP Segments 

 

 Range of valid ICP segments: -1 to 2 

Distribution of dICP: Invalid ICP Segments 

 

 Range of invalid ICP segments: -4.5 to 3.5 

Values outside the range of valid dICP were categorized as invalid segments. 
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Appendix B 

Method Used to Generate Simulated ICP Data 

1. The following function simulating an ICP wave is repeated in Matlab: 

ICP_Sim = 15 + 36*(A1.*exp(-k1.*(t-a1).^2) + A2.*exp(-k2.*(t-a2).^2) + 

A3.*exp(-k3.*(t-a3).^2)); 

2. White Gaussian Noise was added the signal 

t_length=linspace(0,(size(ICP_Sim_rep,2)-1)/50,size(ICP_Sim_rep,2)); 

ICP_Sim = awgn(ICP_Sim,40,'measured',1); %noise 

ICP_Sim_rep = awgn(ICP_Sim_rep,40,'measured',1); 
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Appendix C 

Matlab: Distribution Fitting Tool used to obtain fit for probability distributions of ICP 

and RAP data 

 ICP Data: 9 hours of ICP data used for each distribution 

 

 RAP Data: 9 hours of associated RAP data used for each distribution 
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Appendix D 

 Reliability Calculation 

1. Points for each of the curves were evaluated using Matlab: Distribution 

Fitting Tool 

2. The area underneath the unstable RAP curve from 0.5 to the end of the 

curve was determined  

3. Reliability = area in between the 2 curves (highlighted in yellow) / total 

area underneath unstable RAP curve 
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Appendix E 

Statistical tests and p-values used to determine whether ‗stable‘ vs. ‗unstable‘ RAP 

values significantly differ 

Test Null Hypothesis p-value Conclusion 

Mann-Whitney U test  

(aka Wilcoxon rank-sum test) 

H0: The 2 samples 

come from the 

same population 

1.2736e-285 H0 is rejected 

2 sample Kolmogorov-

Smirnov Test (KS Test) 

H0: The 2 samples 

come from the 

same distribution 

4.9459e-282 H0 is rejected 

Paired t-Test H0: Difference 

between means is 0 

1.7067e-231 H0 is rejected 
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