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ABSTRACT OF THE DISSERTATION
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Morphology in Patients with Normal Pressure Hydrocephalus
by
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Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles 2014
Professor Xiao Hu Ph.D. co-chair
Professor Marvin Bergsneider M.D. co-chair

Abstract

The dynamic environment of the cranial vault relies on normal brain pulsatility to
maintain homeostasis. Small deviations in pressure or flow of either blood or
cerebrospinal fluid (CSF) can drastically alter normal brain function. This thesis will
investigate alterations in brain pulsatility in normal pressure hydrocephalus (NPH)
patients; however, many of the conclusions/analysis methods have a broader impact
and can be applied to other neurologic conditions, including traumatic brain injury and
subarachnoid hemorrhage. Invasive intracranial pressure (ICP) monitoring and
noninvasive Phase-contrast MRI (PC-MRI) will be used to measure brain pulsatility for
this thesis, which is divided into three sections with three specific aims.

Study 1: It is commonly accepted that there is some degree of CSF dysfunction in
NPH. The first study investigates the stroke volume, latency, and variability changes

that occur in the cerebral aqueduct and prepontine cistern of NPH patients and age-

il



matched controls. Results show significant alterations in all aspects of CSF dynamics,
which suggests decrease cisternal buffering, decreased compliance, and increased
variability in the NPH cohort.

Study 2: Differentiating shunt responders and non-responders has been a cornerstone
of NPH research for over 50 years. Several aspects of ICP monitoring have been
investigated as possible prognostic tests for NPH; however, results remain inconsistent
and inaccurate. The advanced morphological analysis techniques used in this study
show higher accuracy than traditional ICP analysis. These features, once further
validated, could replace existing methods for more expensive, less accurate shunt
selections.

Study 3: Changes in pressure and flow dominate regulation of the internal dynamic
environment of the brain; despite the physical relationship between the two phenomena,
little is known about their impact on one another. Using CSF flow measured by PC-MRI,
regional and individual ICP metrics that correlate with CSF flow were easily identified.
This is a first step toward a better understanding of the characteristic peaks of the ICP
pulse pressure waveform.

Conclusion: The aforementioned studies reveal that modest changes in brain pulsatility
can be detected in NPH patients. Although it is unlikely that these changes are the sole
reason for the symptoms of NPH, these studies make important advances in
understanding the pathoetiology of NPH. These discoveries need further investigation,

but have the potential to change the way NPH is diagnosed and treated in the future.
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V. Chapter 1
A. General Overview
The brain consumes 20 percent of the body’s cardiac output and oxygen supply while
accounting for only 2 percent of its weight, illustrating the critical importance of
uninterrupted perfusion to the brain. Although the topic of cerebral blood flow and
perfusion span a number of research areas, this thesis will focus specifically on brain
pulsatility. Moreover, | will be investigating two distinct areas of brain pulsatility: the
pathophysiology of normal pressure hydrocephalus (NPH) and shunt prediction and the
source of the intracranial pressure (ICP) pulse pressure waveform morphology.
Cerebral hydro- and hemodynamics and the techniques used to quantify them are
complex, therefore basic principles and concepts are introduced prior to discussion of
the specific aims of this research. First, | will describe the basics of intracranial
pulsatility and the evolution of our understanding of it. Then, | will discuss the modalities
used to measure intracranial pulsatility, including magnetic resonance imaging (MRI)
and invasive ICP monitoring, along with the methods used to analyze them. Finally, |
will describe specific aspects of pulsatility as they pertain to the diagnosis of and
prediction of therapeutic efficacy.
B. Intracranial Dynamics

To understand the role of imaging and other monitoring techniques in measuring
intracranial pulsatility, a basic understanding of cerebrospinal fluid (CSF) dynamics and
hemodynamics is required. The cranial vault is composed of four fundamental

components: arterial blood (50mL), venous blood (100mL), cerebrospinal fluid (150 mL),



and brain parenchyma (1400mL). The dynamic relationship between these elements is
complex and crucial for adequate perfusion of the tissue.
1. Cerebrospinal Fluid (CSF)

CSF is a clear, water-like fluid (in fact, it is composed of 99 percent water) that
circulates around the brain and spinal column (Figure 1). The brain essentially floats in
the CSF, allowing major arterial conducting vessels to remain patent and provide
adequate blood flow to the tissue. In addition to the mechanical support that the CSF
provides, it also removes metabolic waste. There is approximately 150 mL of CSF
within the brain and spinal cord at any given time. CSF is constantly produced and
reabsorbed, with an average production rate of 500mL/day, resulting in a turnover rate
of about three times per 24-hour period. CSF movement occurs by two different
mechanisms, bulk flow and cardiac-induced flow. Bulk flow, shown in Figure 1, occurs
from the production site of CSF in the choroid plexi within the ventricular system (lateral,
third, and forth ventricles) to the site of reabsorption (venous system) in the arachnoid

granulations.

Cardiac-induced CSF flow, which is a central theme in this thesis, increases flow
volume two orders of magnitude more than bulk flow." CSF flow within the cranial vault
is pulsatile and contingent upon both arterial and venous blood flow. During systole, as
arterial blood enters the base of the skull via the internal carotid arteries and vertebral
arteries, CSF flows in the craniocaudal direction through the Foramen of Magendie from
the fourth ventricle into the subarachnoid space before entering the spinal canal through

the craniocervical junction. Just before the CSF exits the cranium, there is a momentary



increase in intracranial volume (ICV), which causes the periodic increase in ICP known
as the ICP pulse pressure waveform. Following the CSF egress into the spinal canal,
CSF flow reverses direction, moving in the caudalcranial direction, back into the cranial

vault, as venous blood returns.

Superior sagittal
sinus

Arachnoid granulation

Subarachnoid space

Choroid plexus / \‘ Meningeal dura mater
N\

—  — Right lateral ventricle

f\,, v
Interventricular
foramen \ N
Third ventricle/

Cerebral aqueduy
\ e g

Lateral aperture / Median aperture

Fourth ventricle

‘J/—Central canal
Figure 1: The ventricular system. CSF flows from the choroid plexus in the lateral and

third ventricles through the cerebral aqueduct and into the fourth ventricle. Reproduced
with permission®

Greitz® elegantly demonstrated this pulsatile movement of CSF and expanded on it with
the observation that CSF movement occurs via two basic routes: the cisterns and the
ventricles. The larger cisternal movement occurs in response to an up-and-down piston-
like motion of the brain with every heartbeat, driven by changes in blood volume in the
subarachnoid spaces. The smaller CSF movement out and back into the ventricles, on
the other hand, results from a centripetal implosion of the cerebral hemispheres,
primarily as a result of an increase in brain volume due to the increase in blood volume.

Both cisternal and ventricular CSF volume buffering, as well as the temporal



relationship between the two systems, are important for normal cerebral
hemodynamics. Specific hypotheses related to CSF movement are discussed further in
Chapter 2.
2, Arterial Blood Flow

Oxygen-rich blood is pumped from the left ventricle through the aorta prior to entering
the cranial vault via the vertebral arteries and the internal carotid arteries. Figure 2
shows the major conducting arteries of the cerebral vasculature, known as the Circle of
Willis. The compliance of the intracranial space gradually reduces the pulsatile flow of
the arterial blood to a constant flow in the capillary bed. This phenomenon, known as
the Windkessel effect, is related to the compliance of the arterial system and is essential
for continuous perfusion of the brain tissue. Although arterial hemodynamics is critical
for understanding cerebral dynamics, specifics are beyond the scope of this thesis and

will only be explained as needed.
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Figure 2: Map of the Circle of Willis. Reproduced with permission®

3. Venous Blood Flow
Unlike the arterial vasculature, the vessels of the venous system lack smooth muscle
tone. This makes the venous system much more susceptible to collapse in the presence
of external pressure. Furthermore, unlike the arterial system, which has both a posterior
and an anterior path into the cranial vault (via the vertebral and internal carotid arteries,
respectively), the venous system relies solely on the internal jugular veins. Again, the
healthy dynamics of the venous system are critical to cerebral dynamics but details are

beyond the scope of this thesis.



4. Intracranial Pressure (ICP)
ICP is defined as the pressure of the CSF within the cerebral ventricles.*® Unlike most
organs in the body, which are affected by atmospheric pressure, the components of the
brain are encased within the skull, dramatically changing the pressure environment.
Although the standard definition of ICP includes only CSF pressure, it is well known that
there is a vascular component.® CSF pressure has been defined as the product of the
resistance to outflow of CSF and the CSF production rate plus the pressure within the
superior sagittal sinus.® Vascular pressure is much more complex, including aspects of

cerebral blood volume, arterial pressure, venous pressure, and cerebral autoregulation.6

Clinically, ICP is a fundamental physiologic parameter that, if elevated, can lead to a
pathological reduction in cerebral blood flow and possible herniation of the brain,
resulting in irreversible brain damage or death if left untreated. Currently, mean ICP is
used to diagnose dangerous increases in pressure and help guide treatment. Current
Brain Trauma Foundation guidelines recommend treatment in acute brain injury patients
with a mean ICP above 20 mmHg for greater than five minutes.” However, several
studies have provided evidence that the current threshold should be higher, perhaps as
high as 30 mmHg.2® Furthermore, a recent study out of Latin America suggests that
ICP monitoring provides no improvement in outcome compared to imaging alone;
however, researchers have pointed out critical flaws in the study protocol, including the
high mortality rates in both arms (~40%), and many maintain that ICP monitoring is

critical to favorable patient outcomes.™



One unintended consequence of the Latin American study is a renewed focus on more
advanced morphological features and dynamic aspects of ICP. There are two
fundamental dynamic features of ICP, the slow wave and the ICP pulse pressure wave,
which are described in detail below.
a) Slow waves

Much like CSF dynamics, which comprise two fundamental components (bulk flow and
pulsatile flow), ICP monitoring is multifaceted and occurs on different time scales. Slow
waves, originally classified by Lundberg in the 1960s, take many forms." Lundberg
defined three subsets of slow waves: A, B, and C. The characteristics of the individual
waves are shown in Table 1, with examples of B waves shown in Figure 3. Although
the origins of the different types of slow waves remain somewhat conservational, the

consensus seems to suggest a vascular origin.'*"

Oscillation Amplitude o
Wave Type (waves/min) (mmHg) Description
A Variable 50 to 100 Also known as plateau waves
B 0.5t02 Baseline to 50  Most commonly used clinically
C 4t08 Baseline to 20

Table 1: Slow wave categories first described by Lundberg.”" Similar table can be found
in Lemaire et al.™
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Figure 3: Three examples of slow wave activity compared to ICP pulse pressure
morphology. The figures on the left represent slow wave activity and the figures on the
right are the corresponding ICP pulse pressure data. The thick black line represents the
average pulse within the segment. A) No slow wave activity; note the low variability in
the ICP pulse pressure waveform. B) Small symmetrical waves. C) Large asymmetrical
waves. Both the small symmetrical and large asymmetrical waves are considered a
subset of Lundberg B-waves. Reproduced with permission of Kasprowicz et al."®



Clinically, the presence of B-waves has been tied to shunt responsiveness in patients
with NPH;"® however, the topic remains controversial.’”"'® Attempts have been made to
extend slow wave analysis to other neurological conditions where increases in ICP
could be pathological; these have not gained widespread acceptance because of

1922 and a lack of research into these other

substandard analysis techniques
neurological conditions. Today, with the exception of a few centers, ICP slow wave
analysis and interpretation remains a topic of research and not a part of clinical protocol.

b) ICP pulse pressure
In addition to slow wave activity, ICP has a cardiac-induced component known as the

ICP pulse pressure waveform. The ICP pulse pressure waveform is driven by the
increase in intracranial volume caused by the influx of arterial blood into the cranial
vault. A visual depiction of the slow wave activity and ICP pulse pressure waveform are
shown in Figure 4. For changes in the mean pressure, the ICP pulse pressure
waveform changes in shape with the waveform rounding at higher mean values of
ICP.?% Shown in Figure 5 is a progression of ICP morphology in adult cats with the
placement of an epidural balloon to artificially increase ICP. Although this study was

done in cats, the same morphological trend has been shown in humans.
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Figure 4: A) Segment of slow waves over a 20-minute period with elevations in
pressure between 10 mmHg and 40mmHg. B) The inset in blue shows one cardiac
induced ICP pulse pressure waveform. The time frame is reduced to ms and amplitude
of the individual waveform is approximately 5 mmHg. The three characteristic peaks
(P1, P2, P3) are shown in the ICP pulse pressure peak.

Despite the known trend toward a monotonic waveform for increasing pressure, there is
surprisingly little evidence for the origins of the three characteristic peaks (Figure 4B).
Physiologically, the ICP pulsations have long been attributed to both arterial and venous
components.?®?” A number of studies have identified the subpeaks within the ICP

waveform, and the origins of those subpeaks continue to be a focus of research.?02%3"
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Adolph et al. used surgical interventions to differentiate arterial and venous
contributions to the CSF pulsations in the cisterna magna.?® The study concluded that
although a majority of the CSF pulsations have the arterial system as an origin, there is
a venous component. In later work, Cardoso et al. attributed the third peak (p3, or the
dicrotic wave) to changes in venous pressure by using several interventions to perturb

the ICP and then investigating the resulting morphologic changes in waveform.?®

p

W /\ /\ A
P3 P3 / 3 | ,’
m V/ ) f \/ \N / \/
B C D
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A E

Figure 5: Trending of increasing mean ICP and the impact on the ICP pulse pressure
waveform morphology in adult cats. Reproduced from Hirai et al.?®

The study of ICP and ICP-related research is vast and ever expanding; additional topics

2 and cerebral

include cerebral perfusion pressure (CPP),° cerebral autoregulation,®?
compliance (compensatory reserve).®*? The topic of brain pulsatility is complex and a
majority of the details are outside the scope of this thesis; for a detailed review of brain
pulsatility, see Wagshul et al.>®
C. Measurement Modalities
1. ICP Monitoring
As described above, the cranial vault provides a unique physiologic environment
compared to other organ systems. There is level 2 evidence to support the use of ICP
monitoring in patients with traumatic brain injury (TBI) that presents with hematomas,

contusions, and cerebral edema.** ICP monitoring has also been used extensively in

the care of subarachnoid hemorrhage (SAH) and other conditions where increased
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intracranial volume (ICV) is a concern, including NPH and idiopathic intracranial
hypertension (lIH). Methods for monitoring ICP include epidural, subarachnoid, and
intraparenchymal pressure probes; however, the intraventricular probe remains the
“gold standard” (Figure 6).** ICP monitoring is not without risk; infection and

hemorrhage due to probe placement are commonly cited concerns.>®

Figure 6: Surgical diagram of the intraventricular catheter. Reproduced with permission

a) ICP Advanced Analysis
Mean ICP remains the only feature of ICP that has gained widespread clinical
acceptance. However, a number of research groups are investigating advanced ICP
analysis. Eide et al.>” pioneered an approach to reliably extract additional features from
an ICP waveform. The method utilizes a 6-second window to extract a variety of
features, including temporal and amplitude metrics. Hu et al.*® developed the
Morphological Clustering and Analysis of Continuous Intracranial Pulse (MOCAIP)
algorithm, which extracts 128 morphological features from the ICP waveform. MOCAIP,
which will be explained in detail in Chapter 3, is used extensively in this thesis. A

qualitative comparison between the features extract by Eide et al. and Hu et al’s

12



algorithms is shown in Figure 7. Finally, a group from University of Cambridge led by
Marek Czosnyka has changed the way many researchers and clinicians investigate
ICP. Czosnyka and Smielewski developed a software package, ICM+,*® which utilizes
advanced features of ICP and other physiological signals, including arterial blood
pressure, to extract additional meaningful features. These researchers have shown that
extracting morphological features of ICP and multimodality monitoring can provide
additional diagnostic and prognostic information for a number of neurologic conditions,

including hydrocephalus,?4%*® TBI,**" IIH,** and SAH.*"**®
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Figure 7: Left) Eide et al.>” representation of the ICP pulse pressure waveform and
sample features. Right) Hu et al.*® representation of the ICP pulse pressure waveform,
created using MOCAIP. MOCAIP identifies the three subpeaks, where Eide et al. relies
on the identification of the systolic peak.

2, Magnetic Resonance Imaging (MRI)
The history of MRI has roots as far back as the first half of the 20" century and the

technology continues to evolve. The applications of MRI extend much further than the
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scope of this thesis; however, phase-contrast MRI (PC-MRI) is used extensively in this
thesis and is explained in detail in Chapter 2.
D. Normal Pressure Hydrocephalus (NPH)

Comprehensive definitions of the pathoetiology of NPH remain elusive, despite having
been first defined nearly half a century ago.”” The traditional hypothesis, dating back
more than 70 years to the work of Walter Dandy,*® posits that CSF malabsorption at the
level of the arachnoid granulations is responsible for the accumulation of CSF within the
ventricles. Interestingly, several lines of evidence suggest that alternative mechanisms

may be at play,**®’

including the theory that interference of pulsatilie CSF dynamics
plays an important role.®> NPH is a particular form of communicating hydrocephalus
characterized by the presence of some combination of dementia, gait disturbance, and
urinary incontinence along with radiological evidence of ventriculomegaly (Figure 8).
There are two broad forms of NPH, secondary NPH, which develops following
subarachnoid hemorrhage, infection, meningitis, or other head injury, and idiopathic
normal pressure hydrocephalus (iNPH). Although many of the topics discussed here are
applicable to both forms, iINPH will be the focus of this thesis. Diagnostic and effective
treatment options for iINPH remain a difficult task for neurosurgeons due to the

incomplete understandings of the pathophysiology of the disease and of the effect of

treatment.
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Figure 8: Dilated lateral ventricles on a T1 axial image of an NPH patient.

Altered CSF hydrodynamics remain the fundamental element in the pathophysiology of
NPH. In addition to the obvious ventriculomegaly, other changes in CSF or CSF-related

dynamics have been cited, including an increase in outflow resistance (reduced

63,64

absorption), increased aqueductal stroke volume,®® changes in compliance of the

66,67 59,67,68

cerebral vasculature and subarachnoid space, alteration of ICP slow wave

activity,'® and a reduction in cerebral blood flow.>?%6:67

While shunting excess CSF from the ventricles remains the predominant treatment for
NPH, this therapy faces a variety of issues. Shunt failure, infection rates, and over-
drainage are significant concerns for clinicians and their patients, and the ability to
differentiate who will and will not respond to treatment is a primary concern. Shunt
failure rates have been reported as high as 40 percent within the first year and up to 81

percent within the first 12 years after implantation.®®"? Furthermore, infection rates near
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10 percent have been cited’® and overdrainage symptoms reinforce the need for further

research.

To aid in the identification of patients who are likely to respond to shunt, an array of both
invasive and noninvasive diagnostic tests have been used, including radionuclide
cisternography,’® overnight ICP monitoring,'®7#240-43457% CQF tap test,”®"® extended
lumbar drainage (ELD),**®®"®%! CSF infusion (outflow resistance),®"®" and CSF flow
quantification with MRI.%>%%'%" Unfortunately, no gold standard has prevailed due to
conflicting information and lack of understanding of the pathophysiology of NPH.
However, based on a recent review, a panel of researchers and clinicians
recommended the use of ELD (500 ml/3day) for differentiating patients most likely to
respond to shunt; the panel also suggests that additional tests may be performed to
increase accuracy.'® This recommendation was supported by Marmarou et al.’s study
on 151 NPH patients, which reported 92 percent sensitivity in differentiating shunt
responders and nonresponders; this remains one of the most important recent papers
on prognostic testing for NPH patients.®® However, despite the evidence for ELD, as
well as high economic cost (extended hospital stay) and increased risk to the patient
(infection) associated with other methods, several institutions have implemented

additional prognostic procedures to help identify likely shunt responders.

Overnight ICP monitoring is one example of a possible alternative or supplement to
ELD. A majority of the prognostic literature for overnight ICP monitoring has focused on

the slow wave activity characterized by Lundberg in the early 1960s."" Despite some
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early positive results that linked increased slow wave activity to positive shunt

1843 other studies have shown no correlation.””'® In addition to investigations

response,
of slow wave activity, recent studies looking at the cardiac-induced ICP pulse pressure
waveform (Figure 4) have shown promising results. Eide et al. compared mean ICP,
ICP pulse amplitude (waveAmp), and other ICP metrics from overnight ICP recordings
as possible prognostic features for NPH shunt outcome. Their study reported 98 percent
sensitivity and 70 percent specificity based on average and percent time values for ICP
pulse amplitude (waveAmp), where mean ICP reported much lower values for sensitivity
and specificity.*> This work was made possible by the group’s in-house analysis
algorithm, which extracted additional features from the ICP pulse pressure waveform.®’
Overnight ICP analysis to aid in shunt prediction, which will be a major theme in this
thesis, is discussed in greater detail in Chapter 3.
E. Thesis Overview

The study of brain pulsatility, both invasive and noninvasive, and its role in the
pathoetiology of NPH are at the foundation of this thesis. The following chapters are
divided by modality. Chapter 2 describes the use of phase-contrast MRI to investigate
alternative methods for evaluating NPH patients with the added goal of creating a
greater understanding of CSF dynamics. Chapter 3 investigates novel ICP features for
the prognosis of ELD outcome in NPH patients. Finally, Chapter 4 combines the
modalities in an effort to gain a greater understanding of the relationship between
pressure and flow within the cranial vault. Figure 9 illustrates how the chapters are

related.
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F. Specific Aims

1. Determine the flow characteristics in the cerebral aqueduct and prepontine cistern in

normal pressure hydrocephalus using phase-contrast MRI.
2. Determine predictive accuracy of advanced morphological ICP metrics in

determining ELD outcome.
3. Elucidate relationship between intracranial pulse pressure and noninvasive

measures of cerebral dynamics.

G. Contributions
1. Specific Aim 1
The contributions from the investigation of CSF dynamics in NPH patients are
multifaceted. The worked confirmed that NPH patients have hyperdynamic flow in the
aqueduct compared to age-matched controls. Although significance was not reached, |
was able to show a decreased buffering capacity in the prepontine cistern which
improved following shunting. In addition to the flow results significant changes were
found in the temporal aspects of the prepontine cistern suggesting a decrease in
cerebral compliance in NPH patients. Finally, a significant difference was found in the
variability of flow in the prepontine cistern further suggesting altered CSF dynamics in
NPH patients.
2. Specific Aim 2

The second study focused on applications of advanced ICP monitoring using the
Morphological Clustering and Analysis of Continuous Intracranial Pulse (MOCAIP)
toolbox to help differentiate shunt responders from non-responders by using ELD as a

surrogate. The first application showed through the combination of multiple ICP metrics
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using novel descriptive features is able to predict external lumbar drain (ELD) outcome.
The second application introduced a novel ICP metric, P3Rato that has the promise to
replace expensive and dangerous prognostic tests and has the added benefit of a
physiologic basis.
3. Specific Aim 3

The final study focused on the relationship between the noninvasive measures of CSF
dynamics and the invasive ICP pulse pressure waveform. Little is still known about the
characteristic peaks of the ICP pulse pressure waveform. Using two studies | was able
to associate regional and individual contributions of specific features of the ICP sub-
peaks to CSF dynamics investigated by PC-MRI. The importance of this work car
exceeds applications in NPH but lay the foundation for a much better understanding of

the ICP waveform.
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Figure 9: Diagram showing the relationship between the monitoring modalities and the
chapters in this thesis. Chapter 2 focuses on the MRI imaging and CSF flow. Chapter 3
explores the invasive ICP monitoring. Finally, Chapter 4 investigates the relationship
between the two modalities. NPH is a central theme throughout the thesis and is
represented in each chapter.
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V. Chapter 2
A. Introduction
Traditionally, NPH is characterized clinically by the presence of dementia, gait
disturbance, and urinary incontinence, along with radiological evidence of
ventriculomegaly.'® Altered cerebrospinal fluid (CSF) dynamics have been at the center
of normal pressure hydrocephalus (NPH) research since initially described over 70
years ago.”® The study of CSF dynamics has evolved in parallel with technological
advancements in imaging modalities and surgical techniques. There are three methods
for measuring intracranial pulsatility: invasive intracranial pressure (ICP) monitoring,
phase-contrast MRI (PC-MRI), and transcranial Doppler (TCD).*® In this chapter we will
focus on MRI’s ability to quantify the pulsatility of CSF within the cranial vault.
1. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a noninvasive imaging modality that provides
superior contrast of soft tissue while using non-ionizing radiation. Coupling these
properties with the versatility of the specialized sequences provides researchers and
clinicians with an invaluable tool for the diagnosis, treatment, and prognosis of
numerous diseases and conditions. Cine Phase-Contrast MRI (PC-MRI), which was
first described in the early 1980s,'® is a specialized imaging sequence used for the
characterization of fluid flow. Contrary to what the name implies, PC-MRI does not use
a contrast agent; the images produced are based on phase differences of individual
protons following the application of magnetic gradients. Figure 1 provides a schematic
of the process by which PC-MRI provides flow information. In short, there are equal and

opposite magnetic gradients applied to a given tissue. If the tissue is static, or nearly
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static like brain parenchyma, the phase offset of the magnetic moment of the proton will
be unaffected. If the protons are moving through the imaging plane (within a vessel or
other structure), there will be a net increase or decrease in the phase-offset, which is
proportional to the velocity. The impact of the phase-encoding sequence is a phase
image commonly gated with the heart rate (ECG) of the patient. It is important to note
unlike real-time (ICP and TCD) methods for measuring or visualizing flow, PC-MRI is an
averages over several cardiac cycles, producing an average representative waveform.*
Figure 2 provides an example of selected frames from a phase image of the cerebral
aqueduct. Lotz et al. provides a more complete description of the physics of PC-MRI if

interested.'®®

positive lobe applied m—f — negative lobe applied

Statonary Tissue

Bipolar Gradient 2

Figure 1: An image depicting the principles of phase-contrast MRI. The image shows
the impact of equal and opposite magnetic gradients (bottom) applied to a single proton
while stationary and with some velocity. Image taken from Lotz et al.”®
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Figure 2: Several images depicting phase-contrast imaging (PC-MRI). A-E) are time
points within the phase image of the sequence (five out of the 30 total images). The red
arrows in images A-F point toward the cerebral aqueduct. F) is the TrueFISP image,
which visualizes the CSF as hyperintense. Finally, the waveform plot shows the time
series of CSF flow within the cerebral aqueduct. The dotted line represents zero flow
and thus appears equal to the static tissue in images B and D.

Clinically, PC-MRI is used to quantify of blood flow throughout the body,'® but has also
been utilized in the quantification of CSF within the cranial vault, which will be the focus
of this thesis.'®”""° With regards to CSF dynamics, PC-MRI is being investigated for the
possible use in the diagnosis and treatment of hydrocephalus and chiari malformation
along with noninvasive measurements of elastance and intracranial pressure.”"""*
2. PC-MRI and NPH

The CSF dynamics within the cranial vault are comprised of two different types of
movements, the pulsatile flow within each cardiac cycle, and the slower bulk flow

movement of CSF from the choroid plexus to the arachnoid granulations, each receiving

a great deal attention over the last 20 years with respect to NPH. Despite the extensive
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study of CSF dynamics, there remains conflicting evidence of its efficacy in predicting of
shunt response within the NPH population (the lone treatment for NPH). Early studies
cite relatively qualitative metrics for the diagnosis or prediction of shunt response. Black
reported mixed results from his cohort of NPH patients based on the presence of the
classic triad, radiological evidence, and cisternographic evidence.'*® In the early 1990s
Bradley et al. correlated shunt outcome to the presence of flow void in the third and
fourth ventricles;''® however, this method is highly dependent on the parameters of the
sequence (TR, TE, etc.) and the strength of the magnetic and gradients used. With the
development of phase sensitive imaging (PC-MRI), many of the issues related to

reproducibility and subjectivity of flow voids were addressed.

PC-MRI has been at the foundation of hemodynamic CSF studies on patients with NPH.

65,98,117 flow 9
)

Studies have traditionally focused on measuring stroke volume, 8 and peak

velocity''®

within the cerebral aqueduct to investigate their potential impact on the
diagnosis and/or prognosis of NPH; however, as previously mentioned, these studies
have been met with mixed results. A threshold for aqueductal stroke volume (ASV) was
first set by Bradley et al. at 42 microL, suggesting that patients exceeding this threshold
would show improvement following shunting.®® Conflicting results by other groups
suggest that stroke volume alone is insufficient for differentiating shunt responders from
non-responders.®®'""  Other groups have extended the use of PC-MRI to the
quantification of CSF dynamics in additional locations, including the subarachnoid

106,119

space at the C2-C3 junction and prepontine cistern’®®'1%12% {5 petter understand

the relationship between the ventricular system and the subarachnoid space. Studies by
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Balédent et al. reported similar results (SV) at the level of C2-C3 and significant
differences in the aqueduct, producing a difference in stroke volume ratio between the
hydrocephalic group and the healthy controls.”® Another report only investigated
healthy controls but established a stroke volume ratio of 5.1 + 1.8 percent and reported
significant differences in phase lag between several areas in the subarachnoid space
and ventricular system.'*' Both of these studies align well with a proposed model by
Egnor et al. In this model, Egnor describes impedance changes within the cranial vault
impacting changes in both amplitude and latency metrics 2. Furthermore, he describes
the etiology of communicating hydrocephalus (CH) in as an asymmetrical change in
impedance between the ventricular system and the subarachnoid space. The work
presented in this thesis expands on the aforementioned work by including pre- and
post- shunt NPH patients to investigate changes in amplitude, latency, and variability
metrics of the aqueduct and prepontine cistern.
3. Segmentation

Although a majority of the work presented in this chapter revolves around clinical
studies of NPH and CSF flow, the technical limitations involved in analyzing the PC-MRI
images are not trivial. The pulsatile movement of CSF in the basal cisterns may play an
important role in the pathogenesis of so-called “communicating” hydrocephalus.
Contrary to the basal cistern, the flow of CSF within the cerebral aqueduct and its
potential impact on the diagnosis and/or treatment of hydrocephalus has been
extensively studied.®®®®'?2'2 \We hypothesized that the increase in ventricular
displacement of CSF during systole is due to a reduction in cisternal CSF volume

buffering. Unfortunately, the quantitative measurement of this parameter presents
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considerable technical challenges. Imaging the subarachnoid space (prepontine cistern)
adds a level of complexity that is not found in the cerebral aqueduct. The prepontine
cistern contains a complex system of connective tissues (trabeculae), cranial nerves,
venous and arterial blood flow, and CSF. Various methods were attempted for defining
the cisternal region of interest; visual segmentation proved to be too subjective and
previously published pulsatile-based segmentation algorithms generated noisy
results.’® Therefore, an imaging segmentation algorithm needed to be developed which
would adequately accommodate the low-flow velocity and complex anatomy of the

prepontine cistern and provide equally reliable results in the cerebral aqueduct.

In this chapter, | discuss my investigation of several aspects of CSF pulsatility via PC-
MRI, including volumetric/flow metrics, temporal-based latency metrics, and flow
variability within the cerebral aqueduct and prepontine cistern. Accurate segmentation
of the PC-MRI signal is essential for the remaining physiological studies and will be
addressed first. Following the segmentation, | investigated individual hypothesizes
relating to the pathoetiology of NPH described below.
4. Chapter Objectives
a) Study 1

For the volumetric and flow studies | hypothesized that CH arises primarily from an
interference of either cisternal or other subarachnoid CSF pulsatile movement, with the
result being a decrease in CSF cisternal pulsatility compared with the hyperdynamic
aqueductal flow commonly shown for NPH patients. In some respects, this concept is

not too different from the Dandy traditional theory except that the putative point of
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“obstruction” to CSF flow is “upstream” from the arachnoid granulations, and related
primarily to pulsatile movement rather than solely on bulk CSF flow.*® We reasoned that
a reduction in cisternal and/or subarachnoid CSF volume buffering would have to be
compensated for by an increase in ventricular buffering — thereby producing aberration
in intracranial pulsatile CSF dynamics described by Bradley''® and others. In addition,
the notion of “scarring” of the cisternal spaces is well known to neurosurgeons who
perform endoscopic third ventriculostomies (ETV) for hydrocephalus, as it has been

associated with unfavorable outcome.

The treatment of CH typically entails the implantation of a CSF “shunt,” a diversionary
system that allows CSF flow through a catheter from the ventricle to either the
peritoneum or atrium of the heart. In the pulsatile CSF dynamics realm, a CSF shunt
offers an alternative pathway for CSF volume buffering. We therefore further
hypothesized that successful implantation of a CSF shunt in a hydrocephalic patient
would result in a movement of both the aqueductal and cisternal SV values toward
normal values.
b) Study 2

The second study investigated the temporal aspects of cisternal CSF flow. Egnor et al.
published a model for CH that suggested the increase in ventricular pulsatility (causing
ventriculomegaly) was a result of increased impedance in the SAS.%? This idea did not
develop exclusively from theoretical machinations, but rather as a result of trying to
explain a well-established observation in NPH: that the CSF stroke volume through the

cerebral aqueduct of Sylvius is markedly elevated in NPH.®>%%'2> This change in
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impedance suggests altered transit times for the arterial pulse pressure waveform, thus
altering the peak flow of the CSF movement. The hypothesis is that NPH CSF peak flow
latencies (time to peak flow) are shorter in NPH patients than in age-matched controls.
c) Study 3
Study 1 suggests that cisternal scarring in NPH patients will lead to a decreased
cisternal CSF stroke volume. In addition to the possible decrease in stroke volume we
hypothesize that the presence of scarring will lead to a greater variability in flow
distribution in NPH patients compared to age-matched controls.
B. Methods
1. Patient Population

The following studies have a common patient dataset. While under evaluation at UCLA
Adult Hydrocephalus Clinic, patients were enrolled in the PC-MRI study to quantify CSF
flow. The local IRB committee approved all imaging and procedures and written consent
was provided by both patients and controls prior to the imaging (10-001128, 06-11-013,
and 07-08-038). Scans were conducted on 30 pre-treatment patients (77.8 + 7.1 years,
19 males and 11 females) ranging in age from 58 to 88 years old, and 12 controls (66.3
+ 9.2 years, seven males and five females). Additionally, 12 patients ranging in age
from 74 to 89 years (81.7 £ 4.6 years) received scans following either ventriculoatrial
(VA) or ventriculoperitoneal (VP) shunt treatment (nine VP, three VA), with a mean
follow up time of six months. Of the 12 follow up scans there were nine matched pre-

post aqueduct scans and six matched cisternal scans.
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All MRI scans were performed using a 3T Siemens Trio T-class MRI (Sienmens Medical
Systems, Erlanger, Germany). The participants were placed in the supine position with
neck and head in the neutral position using a Siemens Head Matrix coil. All participants
received the same imaging protocol, starting with anatomical sequences: a 3D axial T1-
weighted MPRage, axial T2-weighted BLADE, and a sagittal T2-weighted TSE. Imaging

parameters are shown in Table 1.

Sequence TR TE Resolution Slice thickness
(ms) (ms) (mm) (mm)
3D axial T1-weighted MPRage | 1900 3.44 0.844 0.9
Axial T2-weighted BLADE 7110 107 0.573 3.0
Sagittal T2-weighted TSE 750.0 100 0.344 8.0
TrueFISP 536 2.36 0.625 3.0
Phase contrast sequence 39.1 6.01 0.625 3.0
Time-of-Flight 240 3.69 0.780 0.8

Table 1: MRI sequence parameters

Flow quantification was achieved using a series of imaging sequences including
localization, anatomical, velocity estimation, and phase contrast. Using a midsagittal
slice, an oblique plane was defined perpendicular to the presumed direction of CSF flow
for both the cerebral aqueduct and prepontine cistern (Figure 3). A trueFISP sequence
was used to visualize the local anatomy of the oblique slice; CSF appears as
hyperintense because its contrast is determined by T2*. A flow scout sequence was
utilized to aid in the definition of the velocity encoding parameter (Venc) for the phase
contrast sequence. Following the definition of the Venc, the phase contrast sequence
was applied; to ensure its accuracy, the results were checked for aliasing and further
adjustments to the V., were made, when necessary. Due to additional noise from

arterial blood flow (Basilar Artery, see Figure 9) in the phase images of the prepontine
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cistern, a Time-of-Flight sequence was used to aid in the segmentation. The PC-MRI
sequence was retrospectively gated with either ECG or pulse oximetry, with a temporal
resolution of 30 frames. Within the study cohort, the inter-patient velocity parameter
varied drastically ranging from 8 to 30 cm/s for the aqueduct and 3 to 25cm/s in the
prepontine cistern. The Venc is an essential part of the process as studies have shown

the sensitivity of PC-MRI to the Venc.

Figure 3: Left) Midsagittal T2-weighted image, flow acquisition planes for 1) cerebral
aqueduct and 2) prepontine cistern. Planes defined perpendicular to CSF flow. Right)
Example of prepontine cistern (T2 TruFisp) for three different pre-treatment NPH
patients in the oblique plane perpendicular to CSF flow quantification.
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2. Segmentation
The following is a detailed description of the segmentation algorithm for the region of

interest (ROI) in the PC-MRI studies. An overview of the algorithm is shown in Figure 4.

== Correlation & 5 z
h l Edge Detection Teeshold Outlier Detection

’
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Figure 4: Shows an overview of the segmentation algorithm. Specific MRI sequences
are required for the segmentation of the ROI, including a phase contrast image, an
anatomical sequence (TrueFISP) and the blood vessel information in the Time-of-Flight.
Step 1) Reference Waveform generation using the anatomical information. Step 2)
Incorporates the pulsatile information of the CSF flow. Step 3) is outlier detection and
removal.

a) Step 1: Reference Waveform
In contrast to current segmentation algorithms in which a seed point or manual ROI is
defined,'® | utilized the information from the local anatomy to define the initial seed
point, which was fully automated. A standard edge detection algorithm converts the
hypertensive CSF to a binary mask. This binary mask (Region) is used to define the
initial reference waveform (W1). Applying the binary mask to the PC-MRI sequence and
averaging the voxel intensity over the 30 time frames, which represents the entire

cardiac cycle, constructs the reference waveform. This method removes the subjectivity
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in manually selecting seed points, which are commonly used in other segmentation
algorithms.?*
b) Step 2: Correlation Mask and Threshold

In step 1, Region, was based solely on anatomical information. It has been shown,
however, that manual segmentation based on anatomy alone produces results that are
both inaccurate and difficult to reproduce.' Incorporating pulsatility information (flow
information) into the segmentation process increases the overall accuracy of the
segmentation and therefore the results from the flow quantification.'® To do this, the
reference waveform (W1) constructed from Region4 is correlated with each individual

voxel of the PC-MRI sequence using equation 1:

C(, j)
JCGHC, ))

R(, j) =

in which R is a matrix of correlation coefficients and C represents the covariance matrix
between the given elements. In this example /i and j represent the voxel waveform
(constructed from the 30 time frames) of the reference waveform (W1) and the
waveform of the given voxel, respectively. From the correlation values in R a correlation

map is created (Figure 5).
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Figure 5: A sectionhe coeto map creted ' comparing the reference
waveform (W1) to the corresponding voxel waveform for the cerebral aqueduct. A
threshold value is used to segment the voxels within the ROI.

Once the correlation map is constructed, a threshold must be determined to remove
“‘uncorrelated” voxels (values less than the threshold are removed). The threshold value
of 0.5 has been used in similar segmentation algorithms validated by phantom
experiments;'?* however, this “one-size-fits-all” approach produces inconsistent results.
Therefore, the threshold was determined semi-automatically based on threshold plots
for the individual study, which were constructed by plotting the number of voxels
included in the ROI for a given threshold value (Figure 6). For example, a low threshold
value (Pearson’s correlation coefficient) will produce a large number of voxels within the
ROI because a majority of the voxels within the image are above the given threshold
and vice versa. At some point in the graph, a plateau region (Figure 6) will form where
for increasing thresholds there are no additional voxels removed from the ROI (again,
for increasing thresholds there are a decreasing number of voxels within the ROI). A
plateau region is defined by a specific segment of the threshold plot that is unchanged
for increased threshold value. Anatomically this area represents the luman border. Any

threshold selected within the plateau region will have the same effect on the ROI.
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Figure 6 shows an example of two different threshold values; the threshold value is

selected as the lowest threshold value within the plateau region.

Threshold Comparison

Patient 1
Patient 2

sl 1\ Threshold = 0.44

Number of Selected Pixels (¥)
» »
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Threshold = 0.63 Plateau Region

03 04 0s oe 07 on 09
Threshold Velue

Figure 6: Threshold plot, highlighting the difference in threshold values. The curves are
constructed by iteratively decreasing the threshold value and plotting the number of
pixels in the resultant ROI. The threshold is determined by the “plateau region,” where a
slight decrease in threshold increases the size of the ROl dramatically.

The impacts of the threshold value along with the Ven. are discussed later. Unlike in
other automated segmentation algorithms,'?* a boundary is not created, the final ROI is
comprised of the voxels selected through the correlation process; Region; is then
defined by the selection of the given voxels. The new reference waveform (W2) is
established using the aforementioned method. The new reference waveform provides
additional information reducing the influence of noise on the ROI.
c) Step 3: Outlier detection

Figure 9 shows that even though anatomical and pulsatility information has been
incorporated within Region,, poorly selected voxels remain (in this case the “noise” is
from the influence of the basilar artery shown in Figure 7). Due to the complex structure

of the prepontine cistern relative to the cerebral aqueduct, a method was developed to
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identify these outlying voxels and remove them from the final segmented region. Using
W2, defined by the pulsatility based Regionz, a new correlation map is computed
comparing W2 to each voxel within Region,. It is important to note the difference
between steps 2 and 3; in step 2, the reference waveform (W1) is compared to each
individual time-series waveform within the entire image. In step 3, the new reference
waveform (W2) is only compared to the voxels within Region,. Once this correlation is
computed via equation 1, a new intermediate region is created. Due to the sensitivity of
this process (equation 1) to the reference waveform, input is repeated iteratively until
the region is unchanged by the new correlation map and thresholding (thereby
producing the same reference waveform as the previous step); this final region is

denoted RegionF|NAL.

Basilar Artery

Figure 7: A T2- weighted axial MRI image of the prepontine cistern (white) surrounding
the basilar artery (black).

d) Step 4: Results correction
Prior to calculating these metrics, a phase correction was made to offset accumulated
phase or eddy currents due in part to the position of the patient in the scanner and to
the intrinsic properties of the magnet.
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Phase offset — The “piston-like” movement of the brain throughout the cardiac cycle
caused by the change in intracranial blood volume can impact the calculations made
using the segmented ROI (Rigiongnal). Therefore, a region within the midbrain
assumed to have minimal displacement was selected automatically and an offset value
was calculated from average velocity (of the “static tissue”) over the cardiac cycle; this
value was used to correct for the periodic brain motion.
3. Cerebral Dynamics
Following the calculation of the ROI, various studies were performed on the segmented
data.
a) Velocity, Flow, and Stroke Volume

Following the determination of the ROI, several CSF hydrodynamic metrics are derived
from the PC-MRI sequence. The metrics are broken down into three categories:
velocity, flow, and stroke volume. The velocity (cm/s) metrics are derived from the
intensity waveforms obtained from the PC-MRI sequence after correction of the Venc.
The metrics reported include both max velocity and mean velocity. The max (peak)
velocity and mean velocity metrics are reported for both the caudal and cranial
directions. Flow (mL/min) results are computed on a voxel-by-voxel basis, by
incorporating the pixel area and integrating over the ROI. Bradley et al. defined
aqueductal stroke volume (ASV) as the average of the volume of CSF moving cranio-
caudal direction and the caudo-cranial direction;®® this is in comparison to Bateman et
al., who defined the SV as area between the baseline (zero flow) and the peak portion

of the flow curve.'®® In practice, these values should be approximately equal due to the
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near zero bulk flow throughout the cardiac cycle; however, only values based on
Bradley’s definition will be reported. Finally, the ROl area was calculated by the
summation of the voxels within the ROI.
b) Latency

Peak Flow Latency (PFL) is defined as the percent of the cardiac cycle at peak caudal
CSF flow in the cerebral aqueduct and prepontine cistern. Following the calculation of
the ROI, several additional steps are needed to reliably calculate the PFL. First, due to
the influence of partial voluming, the ROI boundary voxels are removed to increase the
signal (flow) to noise ratio. Second, the remaining voxel's temporal waveforms are
averaged to produce an intermediate reference waveform (this is the “characteristic
flow” within the reduced ROI). The third step is much more applicable in the prepontine
cistern than is the homogenous flow of the cerebral aqueduct; the intermediate
reference waveform is correlated (Pearson’s correlation, equation 1) with each voxel in
the reduced ROI. Based on this correlation value, the top 25 percent of highly correlated
voxels are averaged to represent the final reference waveform (75 percent of the voxels
are removed). The new reference waveform’s temporal resolution is limited to the PC-
MRI imaging parameters, which is 30 samples. Therefore, the final step in the
calculation of the PFL is the fitting of a six-degree polynomial to the final reference
waveform, which increases the temporal resolution from 30 to 1000 samples per cardiac
cycle (selection of the six degree polynomial is discussed later). The PFL latency is
defined as the percent of the cardiac cycle at peak caudal CSF flow, which is the
minimum of this waveform. For the PFL to be comparable to those patients whose MRI

was gated, ECG was used.
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c) Variability
Flow variability is the final concept that will be explored pertaining to CSF dynamics.
Based on the observation that cisternal scaring can lead to an unfavorable outcome, we
investigated the variability of flow within the prepontine cistern. Within an unobstructed
environment, laminar flow should be approximately parabolic in shape, with peak
velocity/flow near the center of the structure. Obstructions will cause disruptions within

the flow profile, causing an increase in flow variability.

Region segmentation and flow calculations were computed in Part 1 of the methods.
Using this computation as a baseline, we are able to investigate the variability in the
distribution.

(1)  Waveform Clustering
The prepontine cistern represents a much more complicated flow profile than the
cerebral aqueduct (Figure 3). For this reason the flow profiles of each individual voxel
were organized into three clusters using k-means in MATLAB 7.5 R2007b functions. In
a system with parabolic flow we would expect to find three concentric flow regions.

(2)  Distance Calculation
To quantify variability a metric must first be calculated. While the clustering of the flow
waveforms incorporates the dynamic information, the distance between the individual
voxels within each cluster incorporates the spatial information of the anatomy. The
pairwise distances were calculated for the intra-cluster sets using the voxel locations as
the inputs because the voxel size is constant for all participants (0.625mm?). Following

the calculations for each cluster the distances were combined to form one distribution.

38



(3)  Simulation Data
A ground truth distribution is needed for comparison between the control and pre-
treatment NPH patients. This simulation set was built using idealized anatomical
structure and flow patterns (Figure 8A). Following the construction of the simulation
ground truth dataset, steps a-c were calculated to produce a model distribution for

comparison (Figure 8C).
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Figure 8: A) Binary mask of the simulated cisternal flow pattern. The different color
voxels represent three simulated flow waveform patterns. B) The waveform patterns
from the simulated dataset. Note that there are three distinct waveform shapes; random
noise was added to each signal. C) Histogram for the normalized distance distribution
for the simulated dataset.
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4) Distribution Comparison (Kullback—Leibler

Divergence)
The Kullback-Leibler Divergence (KL divergence) is a non-symmetric measure designed
to provide a number that represents the dissimilarity of two distributions (P and Q), and
is commonly used/ interpreted as the distance metric between distributions. The
distributions in this context are the model/simulated voxel normalized distance
distribution and the distribution of the control or pre-treatment NPH patient. The
equation for the KL divergence of probability distributions P and Q are shown in
equation 2:

o
D (PlIQ) = ) in (%)P(i)
i 2]

The KL divergence is similar to a distance metric in that it always yields non-negative
numbers and is only equal to zero if P and Q are identical distributions; however,
because it is non-symmetric the definition of P and Q are important for the outcome. P
is assigned the true distribution and in our experiment will equal the simulated dataset in
which the estimated distribution represents Q and is equal to the measured data in the
experiment. In these comparisons, values closer to zero have a lower variability
compared with those that have greater KL divergence values.
d) Ventricle Segmentation
For the nine patients who had pre- and post- treatment scans, the total lateral and third

ventricle volumes were calculated (3DSlicer, www.slicer.org). The segmentation was
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performed semi-automatically following the placement of a seed point in the lateral
ventricles and then edited manually by an expert.

e Patient Outcome
Patient outcome was assessed at the time of the post-treatment scan approximately six
months after surgery. The outcome was based on clinical notes at the time of the clinic
visit, with an emphasis on the improvement in gait based on the suggestion by Edwards
et al.’®" Although further valve adjustments were made for the majority of patients, the
outcome was assessed at the time of the post-treatment scan prior to any valve
adjustment.

f) Statistical Methods
All statistical analysis was performed using MATLAB 7.5 R2007b functions. For the
comparison of the pre-treatment NPH and healthy control groups, the Mann Whitney
Rank sum test with a significant level of 0.05 was used. When comparing paired pre-
and post-treatment NPH results the Wilcoxon signed rank test was used.

C. Results
1. Segmentation

Figure 9 shows the impact of the waveform selection based on the described

segmentation algorithm.
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Figure 9 Step-by-step comparison of the individual voxel waveforms for a given region
(prepontine cistern of an NPH patient pre-surgery). A) Voxel waveform for Regions B)
Region, C) Regionrinas D) Comparison of the reference waveforms. All results are for the
complete cardiac cycle.

Interestingly, Figure 9B shows an outline of the arterial blood flow in the basilar artery.
This is because the basilar artery is immersed within the prepontine CSF and the initial
segmentation included those voxels. Figure 10 shows the impact of the steps of the

segmentation algorithm on the ROI of the cistern.
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Region Region, Region

Final

Figure 10: Upper Left) TrueFISP image of an oblique plane of an NPH patient
perpendicular to the presumed flow of CSF within the prepontine cistern. Upper Right)
inset from the TrueFISP image showing the original ROl segmentation in in yellow
(Regions) and the final ROl segmentation in red (Regionrina). The three images on the
bottom of the figure show the binary masks of the three segmentations and how they
evolved.

The Venc was significantly higher in the aqueduct pre-treatment NPH group (17.814.5)
when compared to the healthy controls (12.4 + 4.6); however, following shunting there
was no significant decrease in the Venc (13.1 £ 4.9, post-treatment group). No significant
differences were found between the groups in the prepontine cistern Venc (9.6 £ 5.3 and
7.8 £ 2.5 for the pre-treatment NPH and controls, respectively). The threshold value

used to determine the ROI did not differ significantly between groups (0.59 + 0.07, 0.56
43



+ 0.06, 0.57 + 0.09 for the control, pre-, and post-treatment groups, respectively), with
an overall average and standard deviation of 0.55 £ 0.08, which is near the 0.5 reported
by Alperin et al.’®*
2. Velocity, Flow, and Stroke Volume

a) Hydrodynamic Results Pre-shunt NPH and Control

Group
Significant differences in area, velocity, flow, and aqueductal stroke volume (ASV)
metrics for the cerebral aqueduct were found between the pre-treatment NPH group
and the age-matched healthy controls. Mean flow and max velocity in both the caudal

and cranial direction as well as ASV and ROI area were significantly higher in the pre-

treatment group. Selected metric median and interquartile ranges are shown in Table 2.

Caudal Cranial Caudal Cranial
Area Max Max Mean Mean SV
(mm?)  Velocity Velocity Flow Flow (ML)
(cm/s) (cm/s)  (mL/min) (mL/min)
5 | Pre-shunt 8.0 [3.1]** 12.8 [7.3]* 8.4 [5.6]* 0.32[0.22]**  0.26 [0.18]** 124.5 [90.5]**
_g (n = 26) (5.1-13.7) (5.3-21.4) (43-17.0) (0.12-0.73) (0.09-057) (37.1-275.0)
()]
g_ Control 4.9[1.6] 7.9[3.7] 5.8 [2.0] 0.12 [0.07] 0.09 [0.03] 49.7 [19.6]
< | (n=10) (31-7.4) (6.3-15.0) (3.8-82) (0.06—0.19) (0.05-0.15) (23.1 = 90.5)
o | Pre-shunt 58.6 [62.1] 0.78 [0.30] 0.43 [0.30] 293.5 [135.6]
= (n=21) (20.1 — 255.7) (0.3-2.0) (0.14-1.47)  (111.9-683.6)
E Control 69.6 [15.9] 0.73 [0.33] 0.41[0.21] 299.0 [144.6]
O [ (h=8) (31.1-92.2) (0.4-0.8) (0.27 - 0.63)  (181.2—-418.7)

Table 2: Shows the quantitative results from the pre-shunt NPH and healthy control
groups for both the aqueduct and prepontine cistern. Significant differences are denoted
by *(p<0.05) and **(p<0.001). For each metric the median [iqr] is shown.

For the prepontine cistern, no hydrodynamic metrics were found to be significantly
different between the pre-treatment group and the healthy controls (Table 2); however,

the distribution of values was wider in the NPH group. The caudal and cranial max

44



velocities were not reported due to the influence of noise in the cisternal measurements.
Violin plots for the caudal mean flow and stroke volume for both the aqueduct and

cistern are shown in Figure 11.

ASV ()
0

Mean Flow(mL/min)

Mean Flow(mL/min)

Figure 11: Violin plots for the comparison of pre-treatment NPH group and age
matched controls: A) Aqueductal caudal mean flow B) Aqueduct stroke volume C)
Cisternal caudal mean flow D) Cisternal stroke volume. **signifies that p < 0.001

b) Impact of Shunt Treatment on Hydrodynamic Metrics
Of the 12 post-treatment scans, three underwent VA shunt placement while the rest
were treated with a VP shunt. In the cerebral aqueduct (nine matched pre-post pairs)
ROI, caudal and cranial mean flow, and SV (Figure 12) were significantly reduced after

shunt placement (Table 3). In the prepontine cistern (six matched pre-post pairs) there
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was an increase in the SV (Figure 12) and cranial mean flow rates with caudal mean
flow remaining unchanged; however, these changes failed to reach the level

significance. Complete results for both the aqueduct and cistern are shown in Table 3.
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Figure 12: Comparison of pre-treatment and post-treatment stroke volume in the
aqueduct A) and the B) prepontine cistern. The decrease in aqueduct stroke volume is
significant *p<0.05.

Caudal Cranial Caudal Cranial
Area Max Max Mean Mean SV
(mm?)  Velocity Velocity Flow Flow (ML)
(cm/s) (cm/s) (mL/min) (mL/min)
© Pre-shunt 8.4 [3.1]* 13.4 [6.9] 10.4 [4.4] 0.47[0.29]*  0.32[0.21]**  150.2 [104.2]**
_g (n=9) (5.1-16.4) (6.2-214)  (6.0-13.0) (0.12-0.70) (0.1-0.5) (50.2 — 249.6)
()
3— Post-shunt 8.0 [3.5] 11.4 [4.5] 6.8 [2.6] 0.22 [0.16] 0.15 [0.1] 82.8 [45.5]
< (n=9) (3.1-9.0) (84-150) (54—119) (0.1-0.36) (0.09-0.4) (49.7-177.6)
Pre-shunt 63.5 [78.3] 0.91[0.29] 0.42 [0.31] 301.4 [85.2]
g (n=6) (45.2-255.7) (0.45-1.1) (0.29-0.89)  (188.3-486.5)
8 Post-shunt | 39.1[54.9] 0.72 [0.46] 0.36 [0.29] 336.9 [217.2]
(n=6) (36.6-161.1) (0.2-1.1) (0.15-0.61) (99.3-430.2)

Table 3: Shows the quantitative results from the pre- and post-shunt NPH groups for
both the aqueduct and cistern. Significant differences are denoted by *(p<0.05) and
**(p<0.01) from the paired Wilcoxon signed rank. For each metric the median [iqr] is
shown.
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c) Stroke Volume Ratio
The stroke volume ratio is derived from the ratio of the ASV and the prepontine cistern
SV for the pre-shunt, post-shunt, and control cohorts. For the pre-shunt group there
were 17 patients with technically adequate aqueduct and cisternal values, resulting in a
stroke volume ratio of 50.0 £ 7.3 percent mean and SEM respectively. For the post-
shunt patients the stroke volume ratio was reduced (p=0.095) to 29.5 + 7.2 percent (n
=7). The control group had a stroke volume ratio that was significantly lower (p=0.0086)
than the pre-shunt group, 17.7 £ 2.5 percent. The post-shunt and control groups did not
differ significantly (p = 0.1468). In addition to the stroke volume ratio calculations for the
entire pre- and post- shunt groups, the ratios for the six matched pre-post patients were
also calculated. For the six matched patients there was a significant reduction (p =
0.0321) from 50.2 £ 13.3 percent to 31.5 £ 8.3 percent respectively.
3. Latency

The PFL required ECG gating of the PC-MRI data, and therefore a subset of the overall
data was analyzed. For the cerebral aqueduct 16 pre-treatment NPH patients and
seven control patients were analyzed. The pre-treatment group showed a slightly
shorter latency of 32.7 + 8.16 percent in the pre-treatment group compared to the
control group of 34.4 + 13.0 percent but the difference was not significant (p = 0.66). In
the prepontine cistern there was a significantly shorter PFL (p<0.01) in the 15 pre-
treatment patients (24.5 + 6.3 percent) versus the five control subjects (29.6 +13.2

percent).
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Following the shunt treatment there were trends toward control values in both the
cerebral aqueduct and prepontine cistern PFL, but all failed to reach the level of
significance. In the cerebral aqueduct seven post treatment NPH patients had a mean +
SEM of 33.2 £12.5 percent (p = 0.62 compared to the pre-treatment group). The post-
treatment NPH patients had a slightly longer PFL of 27.9 + 9.3 percent in nine patients,
which again was not significantly longer than the pre-treatment group but trended
toward the control group (p = 0.06).
4. Variability

Variability was only computed in the control and pre-treatment prepontine cistern scans.
There were eight control and 28 pre-treatment NPH datasets compared using KL
divergence. Figure 13 shows the box plot for the pre- and control KL divergence
measurement with the pre-treatment NPH patients having a significantly higher
measure of dissimilarity (p=0.05) than the control patients 0.65 [0.21] and 0.53 [0.17]
median and [iqr] respectively. This increased measure of dissimilarity can be interpreted
as an increase variability. A KL divergence value of zero represents the situation where
the compared distributions are equal and higher values representing a greater
dissimilarity. Because the pre-treatment group and NPH group were compared against
the ideal flow scenario, the increased dissimilarity in the NPH group can be interpreted

as a greater variability or departure from normal flow.
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Figure 13: Boxplot for the KL divergence measure between the control and pre-
treatment NPH patients. Pre-treatment NPH patients had a significantly higher (p =
0.05) median KL divergence measurement than control patients, who had
measurements of 0.65 [0.21] and 0.53 [0.17] median and [iqr] respectively.

Figure 14, below, shows an example of the difference in flow distribution between a

control patient and a pre-treatment NPH patient.
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Figure 14: A) Histogram and corresponding probability distribution for a control subject
with a KL divergence value of 0.54. B) The model/simulated histogram and probability
distribution which was compared with the control data. C) The corresponding cistern
ROI for the control data with the three clusters of waveforms. D) Histogram and
corresponding probability distribution for a pre-treatment patient with a KL divergence
value of 0.87. E) The model/simulated histogram and probability distribution which was
compared with the pre-treatment NPH data F) The corresponding cistern ROl for the
pre-treatment data with the three clusters of waveforms.

The control and pre-treatment data was compared to an idealized flow model. The
results of the flow models are shown below. Table 4 shows the results for the control
and pre-treatment KL-divergence when a different ideal model is used. Note that all
differences are still significant. The probability distributions from the ten idealized flow

models are shown in Figure 15.
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Control Pre-Treatment
Model | \icgian  1QR | Median 1Qr | F-Value
0.54 0.17 0.65 0.21 0.050
0.53 0.17 0.64 0.21 0.046
0.51 0.17 0.62 0.20 0.050
0.52 0.17 0.63 0.20 0.050
0.51 0.17 0.62 0.20 0.050
0.52 0.17 0.63 0.21 0.046
0.54 0.17 0.65 0.20 0.050
0.54 0.17 0.65 0.21 0.046
0.54 0.17 0.65 0.21 0.046

054 017 ] 066 0.20 0.050

SN AWN =

Table 4: Shows the KL-divergence results for the Control and pre-treatment groups for
each idealized model. The p-values generated from the Mann Whitney Rank sum test.
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Figure 15: Probability distributions from the ten idealized models.

5. Ventricle Volume
The ventricle volume reported is the superposition of the lateral and third ventricles of
the nine patients with pre- and post- treatment scans. The pre-shunt ventricular volumes
ranged from 63.8 mL to 147.4 mL with a mean and SEM of 109.8 + 8.2 mL. Following
shunting, ventricular volumes were significantly reduced (p<0.001) with a mean and
SEM of 91.51 + 9.8 mL. Figure 16 shows an example of pre- and post-treatment

volume reduction from 63.8 mL to 26.2 mL respectively, a difference of 37.6 mL.
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Pre-treatment NPH Lateral Ventricle

Post-treatment NPH Laterial Ventricle

Third Ventricle

Figure 16: Top) Pre-treatment ventricular volume of the lateral and third ventricles. The
total volume of the pre-treatment scan is 63.8 mL. Bottom) Following CSF diversion
(shunting) the volume reduced to 26.1 mL, a decrease in 37.6 mL.

6. Patient Outcome
Of the nine patients receiving pre- and post-treatment scans, eight received a VP shunt
and one received a VA shunt. Of these nine patients, only one (a VP shunt) failed to
clinically improve during the six-month follow-up period.

D. Discussion

1. Segmentation
PC-MRI has been utilized throughout the body as a noninvasive method for flow
quantification of blood and CSF. Specifically, within the brain, the flow of CSF within the
aqueduct has been studied extensively; however, these studies have yielded little

progress in the diagnosis and/or treatment of NPH. Described in this chapter is a novel
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semi-automated segmentation algorithm for use in the aqueduct and prepontine cistern

'8 along with three clinical studies.

The foundation of pulsatility-based segmentation lies in the definition of the reference
waveform. Studies have shown the importance and influence of not only the location of
the selection (within the ROI), but also the number of voxels used to calculate the
reference waveform. Alperin et al. reported a maximum percentage difference of 5.4
percent with mean values within the internal carotid artery, vertebral artery, and jugular

vein lumens of 3.0 percent, 3.1 percent and 3.0 percent, respectively'?*

when changing
the location of the seed point. The impact on the segmentation area as a function of
voxels used to construct the reference waveform was also explored, showing that within
the carotid artery 97 percent of the voxels were identified by only using two voxels to
construct the reference waveform. Even though this may suggest that the impact of the
location and number of voxels used to construct the input reference waveform is
minimal; when considering the regular lumen structure of the vessels reported, the
relatively high velocities compared to the prepontine cistern (3-25 and 80 cm/s
respectively), and the absolute size of the regions, the influence of these factors
becomes significant. We propose a method that essentially eliminates the subjectivity of
reference waveform generation.®®
a) Limitations of the segmentation

PC-MRI has many applications; however, for CSF flow quantification there are

fundamental features that make accurate measurements difficult. For larger regions

(usually vessels or other structures with lumens) the area is relatively large compared to
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the resolution of the scan; however, when looking at the cross-sectional area of the
aqueduct (1-3 mm) the impact of the partial volume effect of MRI becomes significant.
Furthermore, the irregular shape, heterogenous flow patterns, and low flow velocities of
the prepontine cistern also contribute to a difficult segmentation environment.
b) Threshold Value

As mentioned previously, the segmentation algorithm is a function of the reference
waveform, which in turn is intimately connected to the definition of the threshold value.
The threshold value varies drastically between studies; Alperin et al. reported threshold
values of 0.5 and 0.75 depending on the details of the study'?*. Furthermore, Yoshida et
al. used a similar correlation-based approach with minimal threshold values ranging
from 0.3 to 0.45."*° Based on the drastic difference in reported methods, the use of a
static threshold is not ideal for optimal segmentation. Automatically identifying the
optimal threshold value on a case-by-case basis is essential for accurate, reproducible
results. However, this means that a certain level of subjectivity remains in the

determination of the threshold value, which thus does not scale well.

Currently, the threshold value is determined based on the “plateau region” variants from
patient to patient that can be seen in Figure 6. In the example presented in Figure 6, a
decrease in the threshold value increases the number of voxels included in the ROI,

thereby having a large impact on a subset of the hydrodynamic metrics.

No flow phantom experiments were performed to determine the accuracy of this

algorithm. This decision was made based on the requirements for a flow phantom
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experiment. This would include the ability to operate the MRI after hours along with a
flow phantom unit. | do not believe that in this well-developed field the cost of training
and scan time are worth the investment.

2. Cerebral Dynamics

a) Study 1

In Study 1, no significant differences were found in the mean CSF volumetric results of
the prepontine cistern between the pre-treatment NPH group and the control group
(Table 2 and Figure 11), although the range of values was higher in the pre-shunt NPH
group. We documented prepontine SV values in NPH patients that were nearly two
times lower than the smallest value obtained in the control group. Balédent et al.
reported that the prepontine cisternal CSF flow in patients with CH was smaller than in
healthy controls, but no quantities were given.'®® Greitz, SVs for the prepontine cistern
in two healthy controls (SV = 0.33 + 0.08 mL) and one CH patient (SV = 0.14 mL)."® It
is difficult to compare our study with these studies due to differences in ROI

segmentation and imaging metrics.

Study 1, like several others, demonstrated a significant difference in ASV and other
hydrodynamic metrics between hydrocephalic patients and healthy controls.'%1231%0
Balédent et al. implemented an automated method for segmentation of CSF and blood
flow and found significant differences between area and SV within the aqueduct
between healthy controls and patients with CH. Their results, based on 16 phase

segments, showed an increased area (17.0 mm? vs. 8.0 mm?) and increased ASV

(196.0 pyL/mL vs. 51.0 yL/mL) for hydrocephalic patients versus healthy controls,
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respectively.’® Furthermore, significant differences between CH (various etiologies)
and healthy controls were also found by Abbey et al. within the aqueduct for area (10.0
+ 8.9 mm? 2.0 —27.0 mm? and 2.0 + 1.0 mm?, 1.0 — 4.0 mm?) and ASV (5.6 - 256.4 L,
87.20 = 79.04 pyL and 1.9 - 33.2 uL, 17.4 + 10.1 uL); however, differences in peak
systolic and diastolic velocities were not found to be significant between the two

groups,'?® in contrast to the differences found in our study.

Not unexpectedly, an increase in the mean ASV combined with no difference in the
prepontine SV value resulted in an increase in the stroke volume ratio. Wagshul et al.
investigated the CSF stroke volume ratio between the aqueduct and foramen of

magnum in 15 healthy adults;"’

although the study did not include CH patients, they
were able to define values for the stroke volume ratio in controls. In a related study by
Balédent et al., the CH patients showed a significantly higher stroke volume ratio than
healthy controls did, with ratios of 42 percent and 11 percent respectively.'*
(1) Impact of shunting

Shunting remains the primary treatment for NPH. Following the shunting procedure, 12
NPH patients (nine matched aqueduct studies and six matched cistern studies) received
identical imaging protocols with a mean follow-up time of six months. Following shunt

surgery, cisternal CSF metrics were slightly increased in the SV and cranial mean flow,

but did not reach the level of significance.

The diversion of CSF resulted in a significant decrease in both the caudal and cranial

mean flow (p < 0.05) and ASV (p < 0.05) in the aqueduct, which is consistent with
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Abbey et al.;'® however, in contrast to their study, peak velocities (caudal and cranial)
and area were not found to be significantly reduced'® (Table 3 and Figure 12). Again,
there have been several studies that show a decrease in the ASV, flow, and velocity
following a shunt procedure;'®"'?* however, the mechanisms underlying this decrease in

hydrodynamics have been relatively unexplored.

The CSF shunts used in our study include a valve mechanism that is a one-way check
valve with a certain opening pressure value. For the post-shunt studies, we assume that
the system is in steady-state, and therefore CSF flow down the shunt occurs when the
peak CSF pulsatile pressure exceeds the threshold value, resulting in microbolus flow.
In a study by Miyaje et al., the CSF flow through the shunt was measured using a
microflowmeter in seven NPH patients; which included changes in valve opening
pressure and changes in position (sitting and standing).”' For patients in the recumbent
position (the same as in the MRI), the study reported that at low valve opening
pressures, flow within the shunt varied between 100 and 200 pL/min. When
investigating the significant reduction in mean aqueductal flow in our study between the
nine pre- and post- surgical patients, there is an average decrease in the caudal and
cranial mean flow of 147.1 £ 160.2 and 92.4 + 97.5 uL/min, respectively. In other words,
the magnitude of the decrease in mean flow through the aqueduct is approximately
equal to the data reported by Miyaje et al. for the flow through a shunt while in the

supine position.
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The stroke volume ratio following shunt surgery showed a decrease in the larger
(unmatched) cohort but was not significant (p = 0.095); however, in the six matched
patients with pre- and post- scans there was a significant reduction in stroke volume
ratio following the surgery (p = 0.03). Furthermore, the pre-shunt group had a
significantly higher stroke volume ratio than the control group (p = 0.0086), which
correlated well with Balédent’s work described above. The absolute value of the ratios
cannot be directly compared to work by Balédent et al. or Wagshul et al. because of the
difference in location for the SAS stroke volume measurement. When investigating the
contributions of the aqueduct and the cistern, the significant differences shown should
be expected. Although the significant decrease in stroke volume ratio seems to be
driven by the significant decrease in ASV shown in Table 2 and Table 3, the upward
trend of cisternal SV following surgery supports the hypothesis of redistribution of
intracranial CSF pulsations.
b) Study 2

To supplement the volumetric analysis in Study 1, latency metrics were also
investigated. Unlike the volumetric results, the aqueduct showed no significant
differences in PFL between the groups; however, there was a trend showing a
shortened latency in the pre-treatment group compared with the healthy controls, which
corresponded well with our hypothesis. In the prepontine cistern the pre-treatment
group showed a significantly shorter PFL compared with the healthy controls (Figure

18).
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Figure 18: Mean flow curves in the prepontine cistern for the pre-treatment and control
groups. The curves are the average of the polynomial fit (6" degree) of the entire group
(SD is also shown as a shaded region). The difference seen between the peak latency
(defined as the minimum point of the curve) is significantly shorter (p <0.01) in the pre-
treatment group than in the control group. Voxel intensity, not velocity (cm/s) is given on
the y axis. Red and blue lines represents the pre-treatment and control PFL
respectively.

The PFL calculations are dependent on two variables: the degree of the polynomial
used to increase the temporal resolution and the percentage of voxels removed from
the original ROI. Table 4 shows the corresponding p-values for the prepontine cistern
for a number of different combinations of the degree of polynomial (4-10) and
percentage of voxels removed. The analysis reported is for a six-degree polynomial and
75 percent voxel removal (marked with an asterisk in Table 4). There is minimal impact
on the overall significance of the PFL by altering these two variables between the pre-
treatment NPH group and healthy controls. However, when 95 percent of the data is
removed (thus a majority of the voxels) and the degree of the polynomial fit is relatively

high (8-10) the results are no longer significant. This trend is expected; as voxels are
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removed there is more influence from individual voxels, increasing the noise in the
results along with “over-fitting” from the high degree polynomial fit. Taken at both
extremes, a poor fitting or over-fitting polynomial will confound the final results. Finally,
when no polynomial fit is performed, the results become very irregular and the level of

significance is rarely reached (Table 5).

Percentage of low-correlated voxels removed from the ROI
Degree of Fit 1% 10% 25% 50% 75% 90% 95%
No Poly Fit 0.076 0.076 0.061  0.107 0.040 0.094 0.061

4 0.007 0.009 0.009 0.009 0.009 0.007 0.004

5 0.009 0.009 0.011 0.009 0.011 0.007 0.015
6 0.009 0.007 0.009 0.009 0.009* 0.007 0.015
7 0.023 0.014 0.014 0.025 0.023 0.009 0.036
8 0.044 0.036 0.044 0.044 0.029 0.009 0.067
9 0.036 0.036 0.044 0.040 0.029 0.011 0.067
10 0.066 0.055 0.036 0.044 0.036 0.011 0.116

Table 5: P-value from the Mann Whitney Rank sum comparing pre-treatment NPH and
control patients for prepontine cistern PFL. For this analysis a six degree polynomial
was used to fit the flow data and the top 25 percent of the voxels were used in the
calculation (represents 75 percent of the low-correlated voxels were removed), and p
value is shown with an *. The “No Poly Fit” row contains the results excluding any
polynomial fitting.

As established earlier, the pathoetiology of NPH has been discussed to a great extent in
the literature, which offers a wide variety of possible root causes. One topic that remains
relatively unexplored is the relationship of parenchymal changes to pathogenesis and
symptoms in NPH. A new technology known as magnetic resonance elastography
(MRE)' has the ability to quantify the mechanical properties of the microstructure of
the parenchyma. Using this technology, a recent study by Freimann et al. investigated

the changes in mechanical properties of the pre- and post- shunt brain of NPH patients

and compared those changes to healthy controls'®. Two significant findings were
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reported: first, there was a significant difference between shear elasticity (u) between
the control group and the pre-shunt NPH group that did not correct following shunting.
Shear elasticity is a measure of global brain stiffness; therefore, the significant decrease
in u represents a decrease in brain stiffness of the NPH patients. The other finding
showed a significant decrease in a parameter known as the connectivity parameter (a)
between the healthy control group and the pre-treatment NPH group. Following surgery
the connectivity parameter returned to normal ranges. Unlike brain stiffness, the
connectivity parameters are slightly more abstract, being described by the authors as
being “sensitive to the geometry of the mechanical network.”"*® In other words, there is
a reorganization of the parenchymal microstructure toward healthy values (which are
more organized) (Figure 19). We hypothesize that this reorganization following shunting
could contribute to the reversal in both the volumetric and latency trends in the
prepontine cistern. As we discussed earlier, the aqueductal change is also influenced by

the removal of the CSF via shunting.
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NPH NPH

healthy brain (pre shunt) (3 months post shunt)

Figure 19: NPH is associated with ventriculomegaly, which is not necessarily recovered
after shunting. Cerebral MRE reveals a disease-related decrease in global brain
stiffness indicated by u, which is not improved by shunt treatment. In contrast, a
increases three months after shunt implantation to almost unsymptomatic values, which
suggests that the topology of the mechanical tissue matrix is reorganized while its
inherent strength remains degraded. Reproduced with permission Freimann et al.”*?

Our study was limited by the limited number of subjects, particularly patients who were
studied both pre- and post-shunt. There were also significant technical challenges. The
prepontine cistern is a complex anatomical structure that includes the basilar artery as
well as small veins. Arachnoidal septations within the cistern, if present, could possibly
direct pulsatile CSF in directions not aligned with the axis of the brainstem. Each or both
of these could have contributed to errors in the automated segmentation algorithm,
resulting in both inaccurate ROI areas and flow values. Ultrahigh resolution imaging with
stronger Tesla MRIs and multiplane imaging could perhaps address these challenges,
but were not possible here.
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c) Study 3
In addition to the significant decreases in ASV and upward trending of cisternal CSF
flow, we also observed an increased variation in SV magnitudes over the pre-treatment
NPH group compared with the control subjects (Table 2). Based on the observation of
cisternal scaring by several neurosurgeons, we hypothesized that NPH patients should
have increased variability compared to control subjects, which we were able to show
(Figure 13 and 14). Using KL divergence, which is an alteration of the general form of
entropy, we were able to show a significantly increased variation in flow in the pre-
treatment NPH patients compared with the controls. KL divergence has been described
as a pseudo-distance metric for probability distributions because of its non-symmetrical
properties, but was uniquely suitable for this comparison. KL divergence has been used
in a wide variety of fields including mutual information determination and neural
coding.™* Clinically, the results support our hypothesis that NPH patient’s altered CSF
dynamics extend past the ventricular system into the subarachnoid space.
E. Conclusion

This chapter is multifaceted, both clinically and technically. Technically, as MRI
hardware and software continue to develop, similar advancements will need to be made
in image processing techniques in order to continually provide valuable information to
clinicians. The pulsatility-based algorithm presented here is a combination of anatomical
and pulsatility-based information, which provides superior results compared with
individual manual segmentation. Clinically, the contributions of this work expand greatly
on decades old research in the area of CSF dynamics and NPH. Utilizing stroke

volume, latency, and variability measurements in the cerebral aqueduct and prepontine
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cistern we would able to show that changes in the cisternal latency and variability were
associated with the altered CSF dynamics of NPH. These finding not only provide
valuable information about the pathoetiology of the NPH but also may provide a
noninvasive prognostic tool for clinicians to use in the future when trying to determine

which patients may benefit most from CSF diversion shunting.
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VL. Chapter 3
A. Introduction

Normal pressure hydrocephalus (NPH) is a particular form of communicating
hydrocephalus (CH) initially described by Hakin and Adams over 50 years ago.>’ The
traditional clinical triad of dementia, gait disturbance, and urinary incontinence was
described in detail in Chapter 1. The diversion of cerebrospinal fluid (CSF) via
ventricular shunt remains the principal treatment option; however, differentiating
patients who benefit from this procedure remains widely debated. Determining the
prognosis of patients with NPH is significant due to the complication and malfunction

associated with the existing shunt technologies.

The last several decades have introduced a variety of methods for identifying shunt
responders from those with less favorable responses. Recent guidelines on
supplementary prognostic tests for NPH allowed a broad spectrum review of these
tests, including radionuclide cisternography, CSF tap test, intracranial pressure (ICP)
monitoring, CSF outflow resistance (R,), aqueductal CSF hydrodynamics, and external
lumbar drain (ELD) to make recommendations for future use. Based on the review, the
panel recommended the use of ELD (500 ml/3day) for differentiating patients most likely
to respond to shunt, but mention additional tests may be implemented to increase
accuracy.'® A later study on 151 NPH patients by Marmarou et al. supported this
recommendation, by reporting 92% sensitivity in differentiating shunt responders and
non-responders, and remains one of the most important recent papers on prognostic

testing for NPH patients.®® Despite the evidence for ELD, high economic cost (extended
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hospital stay) and increased risk to the patient (infection) caused several institutions to

implement additional prognostic procedures to help identify shunt responders.

Overnight ICP monitoring is one example of a possible alternative/supplement to ELD.
A majority of the prognostic literature for overnight ICP monitoring has focused on slow
wave activity characterized by Lundberg in the 1960s."" Despites some early positive

1643 others

results that linked increased slow wave activity to positive shunt response,
have shown no correlation.”'® In addition to investigations of slow wave activity, there
have been recent studies of the cardiac induced ICP pulse pressure waveform (Figure
1), which have shown promising results. Eide et al. compared mean ICP, ICP pulse
amplitude (waveAmp), and other ICP metrics from overnight ICP recordings as possible
prognostic features for NPH shunt outcome. Their study reported 98% sensitivity and
70% specificity, based off average and percent time values for ICP pulse amplitude
(waveAmp), where mean ICP reported much lower values of sensitivity and specificity.*?

The findings were made possible by their in-house analysis algorithm, which extracted

additional features from the ICP pulse pressure waveform.*’
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Figure 1: Pulse pressure ICP waveform with characteristic peaks identified (P1, P2,
P3). The pulse pressure waveform is created by the influx of arterial blood entering the
cranial vault during each cardiac cycle.

Another example of advanced ICP waveform analysis is the Morphological Clustering
and Analysis of Intracranial Pulse (MOCAIP) algorithm developed by our group.®
MOCAIP allows for the quantification of several ICP morphological features and has
been shown to be advantageous over traditional monitoring/diagnostic techniques in
several clinical studies.??*°4748135137 This chapter will focus on the applications of
MOCAIP on the ICP pulse pressure waveform of overnight ICP monitoring for the
prediction of ELD outcome. The work is divided into the two studies described below.
1. Study 1

Given the success of Eide et al. in their study of advanced morphological metrics and
the prediction of ELD outcome, the first study aims to develop an automated method of

feature extraction and decision rule construction from overnight ICP recording.

Specifically, we used the MOCAIP algorithm to analyze the overnight ICP recordings.

MOCAIP was applied to consecutive short segments of an ICP recording resulting in
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128 metrics per segment. Then various feature functions were designed to summarize
the distribution of the 128 metrics from all the segments per each ICP recording. The
predictive value of each feature-metric pair was then assessed using the area under
curve (AUC) of the receiver operator characteristic (ROC) curve. Based on the ROC
curve, a simple decision rule involving one metric can be derived for predicting LD
outcome. To further improve the performance, we proposed an automated way to
combine two such simple rules, in either an “AND” or an “OR” manner, to achieve better
performance.

2. Study 2
The second study investigated a novel MOCAIP metric related to the third characteristic
peak of the ICP waveform (see P3 in Figure 1). We hypothesize that the relative
elevation of the third peak can be used as a prognostic metric for ELD outcome in NPH
patients. This hypothesis is rooted in work performed by Hu et al. that showed a
correlation between the third peak of the ICP pulse pressure waveform and changes in
cerebral blood flow (CBF) measured by "**Xe.*” Based on the Hu et al. findings, our
study investigates the ability of a novel ICP metric, the ratio of dP3 and waveAmp
(P3ratio) from overnight ICP monitoring, to predict ELD outcome.

B. Methods

The foundation of this chapter is centered on advanced morphologic analysis of the ICP
waveform and our lab’s hallmark analysis tool MOCAIP.

1. MOCAIP
Morphological Clustering and Analysis of Continuous Intracranial Pulse (MOCAIP) is an

analysis toolbox devoted to real time time-domain analysis of intracranial waveform
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morphology. Originally developed for analysis of the ICP waveform,® this modular
framework (Figure 2) has recently been extended to cerebral blood flow velocity
(CBFV) waveform morphology.”® ICP and CBFV morphological metrics have been
shown to be advantageous over traditional individual metrics (mean ICP and mean
CBFV respectively) in several investigations including: prediction of ICP
hypertension,”® detection of cerebral hypoperfusion,*” assessment of noninvasive
ICP,™® segmentation of ICP slow waves,?? changes in vasoreactivity (vasodilatation),*
with a variety of additional projects currently underway. Although there are several

publications on specific aspects of this algorithm (characteristic peak

determination™? ™" for example), a general overview is provided below.*

The MOCAIP algorithm is modular (Figure 2), utilizing five individual steps and a
reference library to analyze raw time-series data. First, MOCAIP segments the raw data
into individual ICP pulses; this process can either use ECG as an additional input to aid
in segmentation'*? (ECG QRS detection’?), or if ECG is not available, use a pulse
detection technique. Following the pulse segmentation, a segment of pulses (times of
the segments are dependent on the project; however they range from pulse-by-pulse to
one minute clusters) is clustered using a hierarchical clustering method. From the
largest cluster, a representative pulse or “dominant pulse” is defined for each segment
by the mean of the cluster. The dominant pulse is checked against a library of legitimate
ICP pulses to avoid selection of a segment that is either entirely noise (the clustering
algorithm will cluster its input regardless of quality), or heavily contaminated with noise.

Once the dominant pulse has been verified, six landmarks are determined, the three
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characteristic peaks® and their corresponding valleys. The automated process for
identifying these peaks has evolved over time and details can be found in previous
publications.™® ! Finally, the algorithm extracts 128 MOCAIP metrics based on the six
landmarks for each dominant pulse, an example of the MOCAIP metrics are shown in

Figures 3.

Dominant pulse with extracted morphological features

Continuous CBFV

waveform viaTCD Pulse Detection

Pulse Clustering

Used by Spurious pulse
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Pulse Peak Detection
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Used by Designation 1

——— -
ICP (mmHg)

-
-
-
—
———
-
-
——
-
————— -
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Dominantpulse

Figure 2: Block diagram of the MOCAIP process showing a continuous CBFV input
waveform that is transformed into one dominant (representative) output CBFV pulse
with three sub-peaks. Inset shows a schematic dominant pulse from a CBFV waveform
with the six landmarks (three peaks and three valley points).
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28 Basic metrics extracted from individual landmarks or over all characteristics

dV1, dV2, dV3, dP1, dP2, dP3 Amplitude of landmark relative to the minimum point
prior to initial rise

Lvipt. Lvipa, Lvips, Lvapa, Lvaps Time delay among landmarks

Curvyy, Curvyy, Curvyy, Curvyy, Curvgy, Curvyy Absolute curvature of each landmark

K1, K2, K3, RC1, RC2, RC3 K1, K2, K3 are slope of each rising edge and RC1, RC2,
RC3 are time-constants of each descending edge

mlCP, diasICP Mean ICP and diastolic ICP

Ly T'ime delay of V; to ECG QRS peak

mCurv Mean absolute curvature of the pulse

WaveAmp Maximum among dP1-dP3

100 extended metrics calculated as ratios among metrics within each group

dPpijo,.. Ratio among landmark amplitudes

Lyipi/Lr, . Ratio among time delays

Curv,,/Curv,,, . Ratio among curvatures

Ky/RC,y, Ratio among slopes/RCs

Figure 3: A complete list of the 128 MOCAIP metrics Table courtesy of Asgari et al.”*

The 100 additional metrics are in the form of ratios of the basic 28 metrics. The ratios
are represented as follows: RLv2p2Lp1p2 represents the ratio (R) of the latency
between the second valley and the second peak (Lv2p2) and the latency between the
first peak and second peak (Lp1p2).

The following work expands on the benefits of the morphological features of ICP in two
specific studies.
2. ICP Morphological Tests
a) Individual MOCAIP Feature Functions

The first study reported in this chapter involved 54 patients undergoing pre-shunt
workup that included overnight ICP monitoring and ELD trial while hospitalized at the
UCLA Adult Hydrocephalus Center; all procedures and data collection were approved
by the local IRB committee with written patient consent. An intraparenchymal ICP
microsensor (Codman and Schurtleff, Raynaud, MA) was inserted in the right frontal
lobe and monitoring started at least one night before the placement of the LD.
Continuous waveform data including ECG and ICP was captured using the BedMaster
system with a sampling rate of 240 Hz. Patients were assessed both pre-LD and post-

LD before discharge from the hospital by 10m-walking exam, and an NPH routine
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assessment which includes the Mini-mental state examination (MMSE). The LD
outcome used in the present work was retrospectively collected as indicated from the
clinical report of the follow-up visit after the LD procedure and predominantly focused on
the improvement in gait.'?” The average age and standard deviation of the 54 patients is
72.05 £ 9.63 years respectively, with a gender distribution of 35 males and 19 females.
(1) Feature Functions

The ICP data was analyzed using the MOCAIP algorithm described section Il.A above,
with a dominate pulse length of 30 seconds. Once the metrics for each dominant pulse
have been computed an additional processing step was used to summarize each of the
128 MOCAIP metrics for one overnight ICP recording via five feature functions. For
example, if a patient has 10 hours of continuous ICP data there will be approximately
1200 dominant pulses, for each dominant pulse there is 128 MOCAIP metrics, each of
the MOCAIP metrics can be summarized with the five feature functions (below). There
is no prior knowledge with regard to the best way of summarizing an overnight ICP
recording. Therefore, it is necessary to allow for an automated process to identify the

best candidates. We have evaluated the following feature functions:
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(1)  Average feature: This feature function simply calculates the average of
each individual metric across one overnight ICP recording.

(2) Standard deviation feature: This function calculates the standard
deviation of each individual metric across one overnight ICP recording.

(3) Percentage feature: This function calculates the percentage of time when
a metric is greater than a threshold. This threshold is determined by pooling data
from all patients and then determined as the average of the corresponding
MOCAIP metric.

(4) Percentage of standard deviation feature: This function calculates the
percentage of time of the standard deviation of MOCAIP metrics greater than a
threshold calculated from a 5-minute ICP. The threshold was determined as the
standard deviation of pooled MOCAIP metrics from all patients.

(5) Range feature: This function calculates the difference between the 95
percentile and the 5 percentile of each individual metric of an overnight ICP

recording.

(2)  Optimal Single-Metric Rule

After applying a feature function, an overnight ICP recording is reduced to a vector of

128 metric-feature pairs. We next seek for a single-metric rule to predict LD outcome in

the following form: “if a metric-feature of an overnight recording is greater (or smaller)

than a threshold, then LD outcome will be positive.” Note, rules published in several

existing studies

438 can be considered as specific instances of the above form. For each

metric-feature, we generate a sequence of threshold values by pooling all the data. This
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sequence of threshold values can be used to generate two ROC curves for each metric-
feature, one of which corresponds to the “greater than” situation and another of which
corresponds to the “less than” situation. Then we retain the ROC that has an AUC
greater than 0.5 and discard the other one for each metric. Next, for each feature the
optimal metric is defined as the one with the greatest AUC. The impact of the optimal
metric selection (as a function of AUC) is explained in the results section.

(3)  Automated Combination of Two Rules
After finding the optimal metric-feature for each feature function, one natural step further
is to determine if one can combine two such rules to obtain a better performance (a
combination of two of the five features described above). Considering the combination
of two features (A and B) with the corresponding set of false positive (FP), true positive
(TP), false negative (FN), and true negative (TN) cases represented (from rule A) as
FPa, TPa, FNa, TNa, respectively, the notation is analogous for rule B. Furthermore, we
shall consider two possible combination operations: “AND” and “OR”. If the “OR”
operator is used for combination, then the resultant sets of false positive, true positive,
false negative, and true negative are shown in Equation 1. Conversely, if the “AND”

operator is used for combination, then the corresponding sets are shown in Equation 2.

FELUFP,  TE,UTP, FN,NFNy, TN NTN, [1]

FE NEFP, TP NTP, FNUFN;  TNUTNg  [2]

Based on this analysis, the accuracy of the combined predictive rules can be calculated
for the “OR” operator in Equation 3 where N represents the total number of patients.

Similarly, the accuracy of the “AND” operator can be calculated using Equation 4.
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Following the calculation of both accuracy parameters one can choose which

maximizes the results.
1 ¥ -
Accuracy, = ?{|'f'f-:¢ WP |+ [N TN () [3]
|
1 . _—
Accuracy, = ?{H FaNTFg |+ [I'Ng UTNg|) [4]
1
(4)  Data Analysis Protocol
In this section, we summarize the data analysis protocol used in the present work to

determine the best rule combination and its accuracy. The following steps were taken to

analyze the 54 overnight ICP recordings:
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1) Each recording is analyzed using the MOCAIP algorithm on consecutive
30-second segments.

2) Resultant MOCAIP results are then manually checked for any errors in
recognizing legitimate dominant pulse and placement of the landmarks. This step
is facilitated by using software developed in house MATLAB 7.5 R2007b (The
MathWorks, Inc., Natick, MA, USA).

3) Generate the threshold sequence for each metric that will be used to
generate ROC curve. The i-th value of the sequence of thresholds is calculated
for each metric-feature by the following equations: (i-1)xL where L is the mean
plus the 10 standard deviation of the metric-feature divided by the number of
steps, which is 100 in the present work.

4) Each value of the threshold sequence is used to form two simple rules
(“greater than” and “less than”), which are then used to assess the 54 cases. The
corresponding false positive rate (FPR) and true positive rate (TPR) are
obtained. After sweeping through the sequence, two ROC curves are obtained
but only the one with AUC greater 0.5 is retained.

5) Determine the optimal metric-feature. This is achieved by selecting one
metric-feature that has the largest AUC per each feature function evaluated. In
other words, for each feature defined above, the metric (out of the 128 calculated
by MOCAIP) with the greatest AUC is defined as the optimal metric-feature (five

total, one for each feature).
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6) Determine the rule. For the optimal metric-feature, the “optimal” point on
the ROC curve is selected as the operating point, which gives a false positive
rate less than 0.35.

7) Then the accuracy of 10 (combining two features with a total of five
features 2*5 = 10) pairs of AND-combination of the five optimal metric-feature
rules and those of the OR-combination are calculated.

8) The best rule combination is then determined as the one with the greatest

accuracy.

b) P3 Elevation
From July 2007 to November 2011 (this study window was open longer than the
previous study), 167 probable NPH patients were admitted to the UCLA Adult
Hydrocephalus Clinic for three day ELD trial Of the 167 patients, 66 (40%) received
overnight ICP monitoring before the placement of the LD. The decision for ICP
monitoring was made by the attending physician based on history and symptoms. This
patient cohort consisted of 45 males and 21 females with an average age of 72.2 + 9.8
years ranging from 45 to 91 years. All data collection and diagnostic procedures were
approved by the local IRB committee and written consent was obtained from the patient
or medical proxy prior to all procedures. For the ICP monitoring an intraparenchymal
ICP microsensor (Codman and Schurtleff, Raynaud, MA) was placed in the right frontal
lobe and monitoring started one night before the placement of the LD. Both ECG and
ICP were collected continuously with a sampling rate of 240 Hz using the BedMaster

system (Excel Medical Electronics, Inc. Jupiter, FL).
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(1) ICP Analysis
Following data collection the ICP waveform was analyzed using the MOCAIP algorithm
which was described above. In addition to the MOCAIP metrics an additional feature
was extracted to investigate specific changes in the ratio of the third peak (P3ratio),
which is not represented in the original MOCAIP metrics. The P3ratio was defined as
the amplitude of the third peak divided by the wave amplitude of the ICP pulse pressure
(waveAmp) shown in Figure 4. To specifically address our hypothesis that relative
elevations in the P3ratio may be a prognostic indicator of ELD outcome, P3ratio was
compared to traditional measurements of ICP pulse pressure features, mean ICP and
waveAmp. For the statistical comparison the median value from the overnight

monitoring was extracted for each of the ICP morphological metrics.
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Figure 4: lllustration of the P3Ratio feature on an ICP pulse pressure waveform.
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(2)  Patient Outcome
The patient’s response to the ELD was evaluated at the follow up appointment
approximately two weeks after discharge. The outcome used in this study was based on
clinical observation at the time of follow up with an emphasis on the improvement in gait
as this is the most likely symptom to improve.'?” Furthermore, the patients were divided
into non-responders and significant responders based on the clinical observations.
(3)  Statistical Methods
For each of the aforementioned ICP features (mean ICP, waveAmp, and P3Ratio) the
non-responders and significant responders were compared using the Wilcoxon Rank
sum test with a significant level of 0.05 in MATLAB 7.5 R2007b (The MathWorks, Inc.,
Natick, MA, USA). As an additional level of significance testing a surrogate dataset was
compiled and tested against. First, the binary outcome from the non-responders and the
significant responders were randomized and the Wilcoxon Rank sun test was repeated.
The value was stored and due to the sheer number of possible combinations, the
surrogate data set consisted of one million iterations. If the true configuration has a p
value (from the Wilcoxon Rank sun test) smaller than 95% of the surrogate set, than the
original set was considered significant. This is merely an additional level of testing to
show that what we have found is not random chance of the assignment of the binary
outcome.
C. Results
1. Individual MOCAIP Feature Functions
Of the 54 patients studied, 12 patients (7 males and 5 females) showed no

improvement in gait following the procedure. Panel F of Figure 5 displays ROC curves
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of each of the 128 metric-features (average feature function is used here as an
example). The ROC curve shown in bold represents the metric with the greatest AUC;
which was selected as the optimal metric-feature for rule construction. The ROC curves
of optimal metric-pair corresponding to each of the five feature functions (A: Average
feature function; B: Standard deviation feature function; C: Percentage of average
feature function; D: Percentage of 5-minute standard deviation feature function; E: Inter
5-95 percentile feature function) are shown in Panels A through E of Figure 5 where the
selected MOCAIP metric is also spelled out. On each curve, the operating point is
circled, which corresponds to the particular threshold value selected for rule

construction.
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Figure 5: Receiver operating characteristic (ROC) curves. Panels A through E display
the ROC of the optimal metric-feature for each of the five individual feature functions. A:
Average feature function; B: Standard deviation feature function; C: Percentage feature
function; D: Percentage of standard deviation feature function; E: Range feature
function. Panel F displays the ROC curves for the 128 metric-feature (for panel B) using
the average feature as an example where the bold curve corresponds to that of the
optimal metric-feature.
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Figure 6 demonstrates the impact of the optimal metric selection; for each of the

combination rules (“AND” and “OR”) the accuracy is plotted as a function of the rank of

the AUC. The decreasing trend of the accuracy for both “AND” and “OR” combination is

clearly present. In summary, the individual metric-feature rules found in the present

work are:

1)

If standard deviation of RLv2p2Lp1p2 of overnight ICP recording is > 0.0547,
then patient will respond to LD.

If average RCurvp3Curvv2 of overnight ICP recording is > 0.9808, then patient
will respond to LD.

If percentage of RC1 of overnight ICP recording greater than 8.76 is < 41.48%,
then patient will respond to LD.

If percentage of 5-minute segments of ICP having a standard deviation of
RRC3k2 greater than 57.68 is > 0.49%, then patient will respond to LD drain.

If the inter 95-5 quartile range of RCurvp2Curvp3 of overnight ICP recording is <
64.25, then patient will respond to LD.

The accuracy for the corresponding features is: 70.4%, 72.2%, 74.1%, 72.2%,
and 79.6% respectively. Finally, the OR combination of rules 4 and 5 achieves

the best accuracy of 88.9%.
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Figure 6: Accuracy of the combined rules as a function of the rank of AUC of the
selected metric-feature as the single-metric constituents for rule combination. A clear
deterioration of the accuracy as metric pairs with smaller AUC are selected for rule
combination demonstrating the optimality of choosing the one with maximal AUC. In
other words, selecting metrics based of maximal AUC produces optimal results when
combining signal metrics. Reproduced with permission Hu et al.*®

2, P3 elevation
For the 66 patients there were a total of 75,670 dominant ICP pulses, with an average
and standard deviation of 1146.5 + 394.9 dominant pulses per patient. Of the 66
patients, seven were classified as non-responders and 25 as significant responders
based on the follow up clinical notes, the remaining patients were classified as

intermediate (n= 34).

The mean ICP and waveAmp did not vary significantly (p = 0.47 and p = 0.19,
respectively) between the outcome groups; however, the measure of P3 elevation
(P3ratio) did show a significant difference (p = 0.04). The ICP morphological metrics
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(median and interquartile ranges) and demographic information are shown in Table 1.

The violin plots of the three ICP features are shown in Figure 7.

ICP Morphological Metrics Demographics
Mean

WaveAmp Sex
Groups (n) ICP T P3Ratio Age M/E

(mmHg)
Significant responders (25) 4.7 [3.6] 5.0 [1.5] 0.70[0.11] | 71.7£10.0 16/9
Non-responders (7) 3.8 [3.9] 5.5[1.5] 0.80[0.09] | 746+7.4 5/2
P value 0.47 0.19 0.04 0.48 N/A

Table 1: For the ICP morphological metrics the average median value and [interquartile
range] are given for the significant responders and non-responders. The p values
reported are between the significant responders and the non-responders using the
Wilcoxon Rank sun test. For the age of the three groups the mean t standard
deviations are given.
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Figure 7: Violin plots for non-responders, intermediate, and significant responders A)
mean ICP B) waveAmp C) P3Ratio. Only P3Ratio was found to be significant when
comparing significant responders and non-responders.
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The number of non-responders (7) and significant responders (25) resulted in a large
number of possible combinations, therefore the surrogate data was constructed with
one million iterations (randomizations of binary outcome). The p value reported for the
clinical data set was smaller than over 96% (0.0338) of the iterations, supporting the
significant finding between the two groups based on the clinical notes. A distribution of
the surrogate data’s p values are shown in Figure 8 with the p value for the true clinical

notes is also shown.
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Figure 8: Distribution of p values from Wilcoxon Rank sum test for the surrogate data.
The p-value from the true test (where the binary values were not randomized) is less
than 96% of the randomizations. We therefore can interpret the results as a true
significant finding and not simply chance.

D. Discussion
ICP morphology has been underutilized in the diagnosis and prognosis of several
neurological conditions. With the recent advances in signal processing technology by

our group®® and others®, ICP morphological metrics have revolutionized the diagnosis
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of NPH,**243 TB| ' and SAH® with several other conditions currently being studied.
The ability to accurately select NPH patients that benefit from CSF shunting has eluded
clinicians and researchers for decades. In this chapter, two novel applications of
advanced ICP morphological metrics for predicting the outcome of an ELD trail for NPH
patients using overnight ICP waveforms were outlined.
1. Individual MOCAIP Feature Functions

We have demonstrated a systemic way of deriving two-rule combination of simple
decision rules from overnight ICP recording to predict the corresponding outcome of
ELD for patients with NPH clinical triad undergoing pre-shunt evaluation. Using a cohort
of 54 patients, we were able to find optimal two-rule combination that reaches an
accuracy of 88.9%, with the added advantage of ready communication with non-
technical clinicians and patients using simple English. Although further validation with
large patient cohort is needed, the rules found in the present work, in combination with
an automated analysis of overnight ICP using the existing MOCAIP algorithm, can
readily be built into a decision support system of NPH diagnosis and evaluation that has

the potential to reduce the time and cost associated with the existing ELD procedure.

A systemic way of discovering predictive rules is needed, if a large number of ICP pulse
morphological metrics are involved to construct rules. Compared to the existing studies
that focus on either mean ICP or ICP pulse amplitude (waveAmp), the increased
number of ICP metrics demands an objective way of discovering rules to guarantee

optimality and avoid bias. Indeed, the five individual optimal metrics found in the present
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work do not include either mean ICP or ICP waveAmp, demonstrating the potential

power of adopting a more comprehensive ICP pulse morphology characterization.

The proposed rule discovery framework can be easily extended in several aspects. We
have proposed five simple feature functions to summarize an overnight ICP recording.
More complex feature function can certainly be implemented in future work. In
particular, we believe that feature functions characterizing the relationship among
MOCAIP metrics could potentially offer better predictive power as compared to single-
metric feature functions used in this study. Furthermore, we have only studied the
combination of two rules, one could readily derive the equations to calculate the
accuracy of combining multiple rules and check if the predictive accuracy can be further

improved.

One fundamental limitation of the present work is the lack of cases to conduct
independent evaluation of the discovered rules. It remains to be demonstrated whether
the same level of predictive accuracy can be retained when applying the rules
discovered using our dataset to process data from other centers and how the data from
multi-centers can be utilized to refine the rules. The present work has clearly
demonstrated the technical feasibility of such future studies. More precise and robust
predictive rules can be discovered through multi-center collaboration and the adoption

of advanced ICP signal analysis and data mining methods.
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2, P3 Elevation
The next advanced morphological metric investigated in this chapter is the P3 Ratio,
which unlike a majority of the current MOCAIP metrics, has a physiological basis. As
previously mentioned, the ability to accurately select NPH patients benefiting from CSF
shunting has eluded scientists/clinician/etc. for decades. Although established methods
like ELD report high prognostic accuracy, most are expensive and put the patient at
increased risk of infection.* Previous overnight ICP attempts have focused on mean

618 and more advanced ICP

pressure (mICP), presence of slow wave activity,
features,’” these results, however, remain controversial. In this study of overnight ICP
morphological metrics, we introduce novel, physiologically based, ICP features that
differentiated ELD responders over more traditional clinical measures of ICP pulse
pressure waveform.
a) P3Ratio

One common criticism of morphological metrics is the lack of a physiologic origin.
Recent work by our group has suggested possible links between the morphological
metrics and specific physiologic origins.*”"'** Furthermore, a recent study by Hu et al.,
ICP waveform morphology metrics were shown to have higher accuracy when detecting
low CBF (20 mL/min/100g) verse TCD and blood analysis combined.*” Although the
foundation of the previous study was data-driven through interpretation of the results the
elevation of the third peak of the ICP waveform (dP3) was identified to correlate with low
cerebral blood flow. Results from the study are shown in Figure 9. In comparison to the

Hu et al. results*” selected waveform comparisons for two NPH non-responders and two

significant responders are shown in Figure 10, which shows an increased P3Ratio for
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non-responders (Figure 10A and 10C) verse significant responders (Figure 10B and
10D). From this data-driven approach used by Hu et al., we developed P3ratio to

specifically test this hypothesis in NPH prognosis.
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Figure 9: Comparing dominant ICP pulses from six recordings of patients with ICP
recordings and CBF measurements. PID: post injury day when the measurement was
taken. It can be observed that the elevation of the third peak is associated with low
CBF. This pattern was observed in six out of eight patients, who had at least one low
CBF measurement. Reproduced with permission from Hu et al.*’
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Figure 10: Examples of dominant pulses from four patients, two non-responders and
two significant responders. Each set has equal mean ICP values. A) Non-Responder
with relative high P3ratio (0.93) and mean ICP of 0.54 mmHg (dotted line) is compared
with a dominate pulse of a significant responder B) with relatively low P3Ratio (0.57)
and mean ICP of 0.564 mmHg. C) Non-Responder with P3Ratio of (0.80) and mean ICP
of 8.6 mmHg and D) significant responder P3Ratio (0.60) and mean ICP of 8.6 mmHg.
Characteristic third peak determined by MOCAIP is marked by the *.

Physiologically, the ICP pulsations have been long attributed to both arterial and venous
components. '2%'® Adolph et al. used surgical interventions to differentiate arterial and
venous contributions to the CSF pulsations in the cisterna magna.'® The study
concluded that although a majority of the CSF pulsations have the arterial system as an
origin, there is a venous component. In later work by Cardoso et al., they attributed the

third peak (P3, or dicrotic wave) to changes in venous pressure. This work suggests
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that the changes we found between significant responders and non-responders could
represent changes in venous pressure, possibly impacting cerebral perfusion pressure
or some other pathological change in the venous system.
b) Cerebral Ischemia in Hydrocephalus

Using both global and/or regional CBF to diagnose NPH verse other forms of dementia,
and normal controls along with predicting shunt outcome has been performed in a
variety of different modalities, including '**Xe clearance,’*"""*® Single Photon Emission
Computed Tomography (SPECT),

194155 Xe contrast CT,'**1%° PET.""'%9 Although there has been a study reporting no
significance difference in CBF between NPH and controls,' a vast majority concluded
there is some degree of ischemia in NPH.'*"%%"% gpecifically, Momjian et al.
investigated CBF in idiopathic NPH patients verse health controls using H,'°O PET."®
They found that the NPH patient cohort had a significantly reduced global CBF (28.4 +
5.2 ml/100 ml/min) when compared to the health controls (33 £ 5.4 ml/100 ml/min). The
study also reported a significant decrease in global CBF in the NPH patients during CSF
infusion test. Furthermore, they report the decreased CBF is more pronounced in the
frontal region, which correlated well with other studies.’®'>*"*® Finally, this paper
concludes that the decreased CBF in the white matter, which was found when the PET
images were co-registered, correlated well with other studies that have found increased
white matter lesions in patients with NPH. Additional studies have attempted to tie
changes in CBF to removal of CSF via CSF tap test, LD drain, or insertion of a shunt
and outcome. Although some have shown a relationship between CBF and outcome

14
F, 9,152

following removal of CS other have found no correlation.”®’"®® The previously
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mentioned studies demonstrate that NPH patients have lower blood flow verse controls,
with a majority revealing the decrease is more pronounced in the frontal region and that
these changes are detectable and significant during CSF removal. Unfortunately, the
ICP monitor was removed shortly after the start of the ELD trials in our study, so we are
unable to investigate changes in P3Ratio during CSF drainage.
c) Prognostic Value of CBF

In addition to using CBF as a diagnostic indicator of NPH, others have attempted to use
CBF as a prognostic indicator for shunt outcome. Hayashi et al. investigated CBF and
ICP in patients with secondary hydrocephalus following aneurysm rupture.'® There
were two main findings relevant to our study. First, of the 43 patients that underwent
shunting for the hydrocephalus, no patient with a CBF of 25 ml/100g/min or less
responded well. Secondly, the authors reported a correlation between ICP irregularities
(aka B-waves) and CBF. In other words, in patients with no ICP irregularities (no b-
waves), there was a lower mean CBF and, thus, patients were less likely to respond to
shunt treatment; this result correlates well with selected studies, which suggest that the
increased presence of ICP slow waves predict a positive outcome after shunting.'®"®°
Although we did not measure CBF in our study, the ICP morphological metric P3ratio
demonstrated the analogous results, which suggests that once the elevation reached a
certain threshold (or higher in the case of P3Ratio), there is irreversible damage and the
shunting has little or no impact. These results were echoed in another study by Tanaka
et al. investigating the prognostic ability of CBF on 21 NPH patients.”® The studied
determined a threshold of 20 ml/100g/min as a threshold for improvement, where again

patients with blood flows below the given threshold failed to respond to shunting. Both
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thresholds for improvement (25 and 20 ml/100g/min) correlated well with the value of
CBF in our previous publication using ICP waveform morphology to differentiate
ischemic states in severe brain injury patient.*” In a conflicting study, Klinge et al.
suggested the opposite trend: patients with lower CBF (36 £ 7 ml/100g/min) were more
likely to respond than those with high flow measurements (44 + 8 ml/100g/min)."® Upon
closer inspection, the CBF values reported in this study did not eclipse the
aforementioned thresholds and, therefore, might be difficult to compare to one another.
Finally, there have been a series of studies that found no prognostic value in measuring
per treatment CBF."®""®? Summarizing the findings of the aforementioned studies: the
Hu et al. study suggested a high P3 elevation is related to low CBF, in the Tanaka et al.
and Hayashi et al. papers results demonstrated NPH patients are less likely to respond
to shunt if they call below a given CBF threshold, and our study reinforces these
findings by suggesting a high P3Ratio (which correlates well with low CBF) is
associated with non-response to CSF drainage.
d) ICP as a Prognostic Indicator of Shunt Outcome

More directly linked to our study are the several attempts to use overnight ICP
monitoring as a prognostic indicator of shunt outcome in NPH patients. As mentioned
previously, several authors have attempted to use slow waves (Lundberg B-waves'") to
differentiate shunt responders and non-responders. A few studies have suggested
increased slow wave activity correlated with positive outcome;'®%>'%" however, others
report no correlation.'® Another popular ICP derived feature is CSF outflow resistance
(Ro); however, it has yet to show sufficient evidence for wide adoption and requires

additional procedures. "%
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The previously mentioned methods do not utilize ICP waveform morphology specifically,
but make inferences about the physiological state from the either the mean ICP or slow
wave activity. Recent advances in ICP morphology allow for an entirely new set of
variables to be explored. Eide et al. reported a sensitivity and specificity of 98% and
70%, respectively, for an average waveAmp greater than 4 mmHg combined with 10%
of the recording time greater than 5 mmHg suggesting positive outcome following CSF
shunt.*® This group has also extended the use of waveAmp to SAH, which has shown
positive results when compared to traditional mean ICP management.54 In the data-
driven approach outlined earlier in this chapter, differentiating ELD responders using
overnight ICP percentage of waveAmp and average values were not shown to be
predictive of outcome; however, using simple combinations of ICP features obtains an
accuracy of 89%.*> Furthermore, the current results suggest that waveAmp alone
cannot differentiate shunt response, with average overnight values both above 5 mmHg
and statistically non differentiable (p = 0.19, Table 1). Our data suggest that the
advanced ICP morphological feature P3Ratio can provide additional evidence to
differentiate significant responders from non-responders. Although the pure data-driven
approach obtained a high accuracy (89%), the current study has a physiologic
foundation (low CBF), which Marmarou et al. recommended in recent NPH

guidelines.'®

Finally, we made an economic comparison between ICP and ELD. Seven additional,
probable NPH patients’ overall hospital costs were obtained with consent, showing an

average cost of the ELD trial alone was $25,134 + $2,054. For five of the patients that
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received ICP monitoring and ELD trial, the average cost reported was $34,724 + $4,390
resulting in a an average cost of ICP monitoring of approximately $9,600, which
represents greater than 60% potential reduction in cost by replacing ELD by ICP
monitoring alone. Although patient safety is the top priority of any institution, the
economic impact of different procedures remains obvious and noteworthy.
e) Limitations of our study
Klinge et al. emphasized the inconsistent assessment of outcome in retrospective NPH
studies and the need to standardize how and when outcome is assessed; furthermore,
they noted life expectancy and co-morbidities increase the difficulty of accurate outcome
assessments."®® For this reason, our study investigated outcome assessed by clinical
notes during the two week follow-up after ELD. Although more objective measures of
outcome are recorded during baseline, discharge, and follow-up, much of that data was
incomplete. Variables include Mini-Mental State Examination (MMSE), 10m walk,
clinical scale, and a patient questionnaire for pre-ELD, post-ELD, and two week follow-
up. Unlike the aforementioned variables, the clinical follow-ups for the ELD were all
performed by one clinician (PV). The evaluation to segment the groups into non-
responders and significant responders was based off observations in the clinical notes,
where there seemed to be a clear division between patients that responded well
(significant responders), those who had slight improvement, and those who had no
improvement at all.
E. Conclusion
The studies outlined in this chapter focus on the ability of advanced ICP morphology to

predict ELD outcome in NPH patients. The studies utilized overnight ICP recordings
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from Pre-LD NPH patients using different approaches that aim to develop a safer, more
economical method for recommending CSF shunts. Although both studies had positive
results, the development of the P3 Ratio as a novel prognostic metrics shows the most
promise as the physiological foundations in low CBF, making it more attractive than the
data-driven approach described early in this chapter. Although additional work needs to

be done for adoption of P3Ratio as a clinical metric, initial results are promising.
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Vil. Chapter 4
A. Introduction

The objective of this chapter is to investigate the relationship between intracranial
pressure (ICP) pulse waveform morphology and selected hydrodynamic metrics of
cerebrospinal fluid (CSF). The motivation for this work stems from a long-term goal to
advance ICP monitoring by delivering more clinically useful metrics in addition to mean
ICP (mICP), which remains the only parameter reported to clinicians by current ICP
monitors. To reach this goal, our group and other colleagues have done a series of work
in advancing the techniques of ICP signal analysis. One specific example is the
Morphological Clustering and Analysis of Continuous Intracranial Pulse (MOCAIP)®
algorithm, which has been referenced throughout this thesis. As a reminder, MOCAIP
can robustly identify the locations of the three sub-peaks and valleys of an ICP pulse
and then systematically extract 128 metrics that characterize the amplitude, curvature,
slope, and time intervals among these landmarks. Several studies have been performed
which show the benefits ICP morphological analysis and the MOCAIP algorithm;
however, a majority of this work lacks a physiological basis for their findings. Presented
in this chapter are two studies which extend MOCAIP analysis to infer relationships for
the different sub-peak regions and individual metrics in the triphasic ICP waveform,
which we believe will lead to a greater physiologic understanding of the ICP pulse

pressure waveform and thus a more advanced ICP monitoring system.

To test the ability of the MOCAIP metrics to characterize different sub-peak regions of

ICP, we have selected three noninvasive hydrodynamic variables measured by phase
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contrast MRI (PC-MRI) in the cerebral aqueduct and the prepontine cistern, which were
discussed in Chapter 2. The aqueduct and cistern represent locations in two
complementary compartments of the cranial vault, the ventricular system and the
subarachnoid space, respectively. Our objective is to determine if the CSF
hydrodynamics metrics from the aqueduct and cistern are significantly related to specific

features or regions in the ICP pulse pressure waveform.

Here, we examined the possible relationship between ICP waveform morphology and
MRI CSF flow dynamics in a group of hydrocephalus patients. We hypothesized that
morphological metrics of the ICP waveform are related to the hydrodynamics of CSF
flow. To investigate this claim, we designed two studies, one which looks at the broad
aspects of the three characteristic regions of the ICP pulse pressure waveform and the

second which investigates specific metrics of the individual peaks.

1. Study 1: Sub-peak Regions
First, ICP pulse waveform morphology can be segmented based on the peaks into three
specific regions (Region1, Region2, and Region3). Using the individual MOCAIP
metrics to define a new coding strategy, we investigated the broad correlation between
ICP pulse pressure regions and CSF flow in the cerebral aqueduct and the prepontine

cistern.
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2. Study 2: Characteristic Peaks
The second study takes a slightly different approach by looking at specific features
related to the characteristic peaks. We hypothesize that P2 peak would be more closely
tied to measures of aqueductal CSF flow than the other ICP peaks (P1 and P3).
B. Methods
The studies in this chapter use identical patient populations so a general description of
the data is provided first.
1. Patient Characteristics & Data Acquisition
While under evaluation for NPH at the UCLA Adult Hydrocephalus Center, seven
patients (71.1 + 9.8 years) received both overnight ICP monitoring and a PC-MRI CSF
flow protocol. Patients were recommended for extended lumbar drain (ELD) trial based
on presence of the NPH clinical triad (gait ataxia, urinary incontinence, and dementia);
however, progressive gait ataxia was the most common symptom. All ICP sensor and
data acquisition (both imaging and pressure monitoring) were approved by the local IRB
committee and all subjects signed informed consent to participate. All measurements
were taken while the patient was in the supine position.
a) Overnight ICP Monitoring
During the overnight monitoring, patients assumed a supine or near supine position. An
intraparenchymal ICP microsensor (Codman and Schurtleff, Raynaud, MA) was
inserted in the right frontal lobe and continuously monitoring ICP for one night before
the placement of the lumbar drain (LD). Continuous waveform data, including ECG and
ICP, was captured using the BedMaster™ system (Excel Medical Electronics, Inc

Jupiter, FL) with a sampling rate of 240 Hz. Following overnight monitoring, the
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intraparenchymal ICP monitor was removed and the patient transitioned into the ELD
trial.
b) Phase-Contrast MRI Protocol

Seven patients (71.1 + 9.8 years) received the imaging protocol, which either preceded
admission for ELD or followed the ELD by no less than three weeks; which allowed for
equilibration of the baseline hydrodynamics. For patients that had temporarily improved
after the ELD trial, all had completely reverted back to their original state at least two
weeks prior to the MRI study. Patient manuscript ID, age, and sex characteristics are
shown in Table 1. All patients showed temporary improvement from ELD along with an
average Evan’s ratio of 0.35 + 0.04. All MRI scans were performed using a 3-Tesla
Siemens Trio T-class MRI (Sienmens Medical Systems, Erlanger, Germany). Using a
Siemens Head Matrix birdcage head coil, the participants were placed in the supine
position with their neck and head in the neural position. Phase-contrast imaging took
place in the cerebral aqueduct and prepontine cistern shown in Figure 1 (prepontine
cistern was only studied in Study 1). The imaging protocol contained both anatomical
and flow quantification sequences. The standard anatomical sequences included a 3D
axial T1-weighted MPRage, axial T2-weighted BLADE, and a sagittal T2-weighted TSE.

Image parameters are shown in Table 1 of Chapter 2.
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Patient Age Sex Time Between
Index (Years) Measurement (Days)
1 73 Male -4
2 74 Male 0
3 79 Male 0
4 84 Female -6
5 58 Male +33
6 58 Male +24
7 72 Male +32

Table 1: General patient characteristics including patient index, age, sex, and time
separation between the MRI scan and overnight ICP monitoring in days. Negative
values represent MRI study prior to ICP monitoring. Again, for MRI scans following ELD
trial and ICP monitoring (positive values), at least 3 weeks separated the two
measurements to allow for baseline hydrodynamics to return.

Flow quantification was achieved using a standard phase contrast sequence. An
oblique plane was defined perpendicular to the presumed direction of CSF flow (Figure
1). The velocity encoding parameter (Venc) was set with the aid of a flow scout in order
to reduce aliasing. Following the definition of the Venc, the phase contrast sequence was
applied. The average and standard deviation of the Ve for the seven patients was 17.4
t 4.4, respectively. Finally, a temporal resolution of 30 frames was defined by

retrospectively gating with either ECG or pulse oximetry signals.
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Figure 1: Location of the oblique slices for the PC-MRI study, A) cerebral aqueduct and
B) the prepontine cistern.

2. Data Analysis
a) Study 1: Sub-peak Regions

(1) CSF Hydrodynamic Analysis
The semi-automated segmentation algorithm was implemented in MATLAB 7.5 R2007b
(The MathWorks, Inc., Natick, MA, USA) to define the region of interest (ROI) for both
anatomical locations and was described in detail in Chapter 2."® Next, three CSF
hydrodynamic metrics were calculated based on the extracted ROI, including the peak
velocity, the peak to mean flow, (P2P Mean Flow) which represented the absolute mean
difference between the average flow rates in the caudal and cranial directions, and the
average stroke volume, defined as the average volume of CSF moving cranial-caudal
during systole and caudal-cranial during diastole.

(2) ICP Analysis
The ICP analysis was performed using the MOCAIP algorithm developed by our group
using MATLAB 7.5 R2007b. A complete description of MOCAIP can be found in
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Chapter 3;*® however, a brief description follows. MOCAIP is an end-to-end framework
devoted to real time time-domain analysis of intracranial waveform morphology.
MOCAIP utilizes a five-step process to convert the raw ICP and ECG inputs into a
series of clean ICP pulses, known as dominant pulses. First, the raw ICP data is
segmented using the RR interval of the ECG signal. Following the segmentation, the
individual pulses are grouped based on a pre-defined time interval (one minute in this
study) and then clustered using a hierarchical clustering method. A dominant pulse is
defined for each segment (one minute of raw signal) as the mean of the largest cluster.
However, the dominant pulse produced could be an invalid ICP pulse because the
entire segment could be noise; therefore, the segment’s dominant pulse is checked
against a reference ICP pulse library to determine the legitimacy of the pulse. Once the
dominant pulse has been verified, six landmarks are determined: the three
characteristic peaks and their corresponding valleys. Finally, the algorithm extracts 128
MOCAIP metrics based on the six landmarks for each dominant pulse. An example of

the dominant pulse along with sub-peak regions are shown in Figure 2.
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Figure 2: MOCAIP example of a dominant pulse with metric identifies including
amplitude, latency, and curvature. The regions are also shown in boxes

(3)  Description of Region Weight
Although physiologic relationships can be speculated from the individual metrics derived
from the MOCAIP algorithm (Study 2), a more general analysis is possible. The
MOCAIP metrics can be divided into sub-peak regions (region 1, 2, and 3), based on a
binary scheme that characterizes each MOCAIP metric’s dependency on three different
sub-peak regions (Figure 2). For example, amplitude metric ‘dP1’ (amplitude of the first
peak) would be associated with a sub-peak region binary code (1 0 0) representing
(region 1 region 2 region 3), where ratio metric 'RCurvp2Curvp3' (ratio between
curvature of peak 2 and curvature of peak 3) would be assigned a code (0 1 1). The
sub-regions are not uniformly distributed, with region 1, 2, and 3 having an approximate

distribution of 35.6%, 33.2%, and 31.2%, respectively.
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4) Correlation of ICP Metrics and MRI metrics
Following calculation of the metrics sets (PC-MRI and ICP), Spearman’s rank
correlation coefficient (p) was used to quantify the dependencies of the ICP metrics and
the hydrodynamic metrics derived from PC-MRI. In other words, each ICP metric (128
metrics, each with a three digit binary region code) was compared to the six of the
aforementioned PC-MRI metrics (three for each of the two locations) and the correlation

coefficient was calculated.

Once the correlation coefficients were calculated for each pair of measurements, a
threshold value (alpha) had to be determined to study the region contribution of those
highly correlated metrics. Namely, each combination will have some correlation value;
however, many of these will have correlation coefficients near zero and thus should not
be included in the analysis. To investigate the region contribution of the CSF
hydrodynamics metrics, an alpha value was determined ad hoc. At this value of alpha, a
normalized region contribution (NRC) was calculated; for example, if three metrics had
correlation values greater than alpha (dP1, Lv1p3, and mICP: (1 00), (10 1), (1 1 1),
respectively) the NRC would be (47.2% 16.9% 35.9%). Obviously, the NRC is a function
of the alpha value. The lower the alpha value the more metrics included in the NRC
calculation. To account for this, the NRC was calculated for each alpha value from 0 to
1.0 (steps of 0.01) resulting in a percent region weight trend for each of the three

regions. This plot aided in the selection of the final alpha value (Figure 3).
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To summarize, each of the six CSF metrics were compared to the 128 ICP MOCAIP
metrics and a correlation value was calculated. An alpha value was then determined
based on the overall distribution of region weights (see Figure 3). This selection
resulted in a small number of ICP metrics (Nicp) that were greater than the alpha value.
From the N,cp metrics, an NRC was calculated.
(5)  Significance Testing
For significance testing of the association between a CSF hydrodynamic metric and an
ICP pulse sub-peak region, a surrogate data set was used with a significance level of
5%. For any given experiment, a number of metrics will be greater than alpha (Nicp). For
the surrogate testing, Nicp metrics were randomly selected from the 128 metrics and the
NRC was calculated. For example, if the following three metrics were selected (Nicp =
dP1, Lv1p3, and mICP) during the initial analysis (Spearman’s value greater than
alpha), then three metrics would be selected at random from the 128 overall metrics and
the NRC would be calculated (Nrangom). TO provide an adequate distribution, 10,000
random selections were made. If the NRC calculated from the data (N,cp) was greater
than 95% of the randomly generated surrogate data, it was considered significant.
b) Study 2: Characteristic Peaks
(1) CSF Hydrodynamic Analysis

For the imaging data, the semi-automated segmentation algorithm described in Chapter
2 was implemented for the designation of the region of interest (ROI)."?® The algorithm
was developed using MATLAB 7.5 R2007b (The MathWorks, Inc., Natick, MA, USA),
which utilized both anatomical and dynamic information from the phase contrast study.

Following the extraction of the ROI, the hydrodynamic metric ASV was calculated as the
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average volume moving in the cranial-caudal and caudal-cranial direction over the
cardiac cycle.
(2) ICP Analysis
The ICP waveform morphology characterization was done using the MOCAIP analysis
toolbox, which was described above and in detail in Chapter 3.°® There were 2785
dominant ICP pulses analyzed for the patient population. The results had a mean and
standard deviation of 397.9 + 95.8 dominant pulses per patient, with a range from 209
to 503 pulses.
(3)  Correlation of ICP Metrics and MRI metrics

For the individual dominant pulses, we focused on nine temporal metrics and two
common amplitude metrics. The small subset of temporal metrics was chosen to
specifically investigate the relationship of the three characteristic peaks and the
amplitude metrics (mean ICP and ICP pulse pressure wave amplitude) are commonly
used as the gold standard measurement in ICP monitoring/analysis. For the temporal
metrics, we investigate three physiologic parameters related to each of the three
characteristic pulses giving a total of nine metrics. The three physiologic parameters are
the rising time of the leading edge (the time between the preceding valley and
subsequent peak), the time of the falling edge (the time from the peak to the following
valley), and finally, the time between subsequent valley points represents the width of
the peak. Mean ICP (mICP) and the ICP pulse pressure amplitude (waveAmp) were

chosen as the amplitude metrics for this study.
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4) Significance Testing
Following calculation of the metrics sets (PC-MRI and ICP), Spearman’s rank
correlation coefficient (p) was used to quantify the dependencies of the ICP metrics and
the ASV. Each patient’s overnight ICP data contained several dominant pulses
produced by the MOCAIP algorithm. Therefore, for the statistical comparison, the
median values of the overnight metric (nine temporal and two amplitude metrics) were
compared to the ASV imaging data. The overnight section of ICP data was selected
based on relatively low noise compared with the day time hours and patient position
(supine), this allowed us to remove any subjectivity in selecting specific segments of
ICP and has been used in several studies.”? Finally, to account for the multiple
comparisons used in this study, the statistical level of 0.05 was altered based on the
Bonferroni correction to 0.0045 based off the 11 metrics stud-ied. All statistical tests
were performed in MATLAB 7.5 R2007b.
C. Results
1. Study 1: Sub-peak Regions

For the seven patients, a total of 2,785 dominant ICP pulses were analyzed. The results
had a mean and standard deviation of 397.9 £ 95.8 dominant pulses per patient, with a
range from 209 to 503 pulses. The PC-MRI results for the CSF hydrodynamics are

shown in Table 2.
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Aqueduct Cistern
Peak Velocity (cm/s) 13.24 +4.37 | 5.54 £2.48
P2P Mean Flow (mL/min) 2.99 £ 1.01 1.20£0.77
Stroke Volume (mL) 0.16 £ 0.04 0.24 +0.09

Table 2: PC-MRI results for the four CSF hydrodynamic parameters for each
anatomical location (mean * standard deviation)

a) Regional Analysis
For the aqueduct, all three of the CSF metrics reached significance in regional testing.
Peak velocity, P2P Mean Flow, and the aqueductal stroke volume (ASV) were all
significantly correlated with region 2 (Table 2). Although the individual ICP metrics
(Nicp) are not reported for each significant correlation it is worth noting that mICP was
not included; however, the amplitude of the ICP pulse pressure (waveAmp) was

selected for the ASV and peak velocity.

The prepontine cistern had two CSF metrics reach significance (peak velocity and P2P
Mean Flow). Although the stroke volume did not reach significance it maintained the
same tendency toward region 3 as the other metrics. Again, mICP was not included as
one of the significant ICP metrics.
b) Threshold Selection

The threshold selection process was based on the trend of the NRC for each alpha
value ranging from 0 to 1.0 (Figure 3). Each alpha value in the trend plot has a number
of metrics associated with it (Nicp); this is not represented in the figure but is critical for
significance testing. The individual alpha values have no physical representation but are
reported for completeness in Table 3. An example of the aqueductal P2P Mean Flow

regional contribution (percent region) as a function of alpha value is shown in Figure 3.
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Aqueduct Cistern
Alpha Region | Alpha Region
Peak Velocity 0.79 2% 0.64 3*
P2P Mean Flow 0.83 2%* 0.46 3*
Stroke Volume 0.58 2" 0.50 3

Table 3: Metrics for ICP, PC-MRI, and TCD that were used in the region analysis. Each

noninvasive metric (PC-MRI and TCD) was compared against all 128 MOCAIP metrics.
*P-value < 0.05 and ** P-value < 0.001
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Figure 3: Percent region contribution as a function of the alpha value. The plot
represents P2P Mean Flow in the cerebral aqueduct. The respective alpha value (where
the significance testing was performed) is shown with a vertical line.

2,

Study 2: Characteristic Peaks

The ASV for the seven patients had a mean and standard deviation of 0.156 £ 0.043

mL, respectively. These values compare well with previously published ASV for NPH

patients.’®'% The age of the patients did not show any significant relationship for either

the ASV or ICP metrics.
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The correlation values between the ICP temporal metrics and PC-MRI ASV metric are

shown in Table 4, with significant values marked with an asterisk for p-values less than

0.0045 (Bonferroni correction). Of the nine temporal metrics correlated with the ASV,

only the width of P2 (ICP-W;2) was significantly correlated (p

rising edge of P2 (ICP-W;2") trended toward significance (p

0.0025); however, the

0.0068). Examples of

selected metrics (peak widths) are shown in Figure 4A-C; along with a linear fit of the

variables and a 95% prediction interval. Also shown in Figure 4D is a sample ICP pulse

pressure waveform that depicts the definitions of the studied temporal metrics. Both the

ICP pulse pressure amplitude (p = 0.023) and the mean ICP (p = 0.6445) failed to reach

the corrected significance level (Figure 5).

P1 P2 P3
Metric Type Metric o) Metric o) Metric o)
Rising ICP-W;1" -0.5 ICP-W;2" 0.9 ICP-W;3" -0.1
Falling ICP-W;1 -0.3 ICP-W;2 0.7 ICP-W;3 -0.1
Pulse width ICP-W;1 -0.6 ICP-W;2 0.9* ICP-W;3 -0.1

Table 4: Spearman’s rank correlation coefficient (p) for the aqueductal stroke volume.
The metrics are divided into three regions defined by the characteristic ICP pulse
pressure waveform peaks (columns P1, P2, P3) and by temporal category (rising time,
falling time, and peak width time). *Significant correlations (p<0.05)
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Figure 4: Plots with linear fit and 95% prediction interval. A) ICP-Wi1 vs. ASV B) ICP-
Wi2 vs. ASV C) ICP-Wi3 vs. ASV D) A sample ICP pulse pressure waveform with the
corresponding temporal width metrics shown graphically. On figures A-C gray boxes
show the standard deviation of the overnight ICP metrics along with the unique patient
index defined in Table 1. Reproduced with permission from Hamilton et al.’*®
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ICP Metric: WaveAmp (mmHg)

Figure 5: Examples of A) mean ICP vs. ASV and B) waveAmp vs. ASV with the unique
patient index defined in Table 1. Reproduced with permission from Hamilton et a

D.

Both studies presented in this chapter investigate the role of CSF dynamics and ICP
pulse pressure morphology. The results complement each other well showing a regional

relationship between CSF flow in the aqueduct and Region2, with more detailed results

showing the significant

aqueduct. In addition

something unique to the overall understanding of ICP pulse pressure morphology.

014 016 0.8
MRI Metric: ASV (mL)

014 016 018
MRI Metric: ASV (mL)

Discussion

correlation between the width of P2 and CSF flow in the cerebral

to the common results of the studies, each study contributes
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1. Study 1: Sub-peak Regions
The impact of this study is multifaceted, contributing both technically and physiologically
to the study of ICP and cerebral dynamics. Technically, this study introduces a novel
framework for generalizing the ICP morphological metrics produced by the MOCAIP
algorithm into regional information based on the characteristic peaks. In this study, we
proposed the use of CSF hydrodynamics measurements via PC-MRI; however, this
framework could easily be expanded to include different measures of brain pulsatility.
Physiologically, this work supports the idea that the global mean value of ICP and the
characteristics of the three individual regions of an ICP pulse may reflect different
aspects of the CSF dynamics and can provide complementary information. Such a
finding therefore challenges the current paradigm of monitoring only mICP while
ignoring the shape of an ICP pulse and could have a far reaching impact on the study of
ICP waveform morphology in a variety of conditions.
a) Traditional Analysis of ICP

The MOCAIP algorithm provides a framework for the advanced analysis of ICP
waveform morphology, which has been shown to be advantageous over the traditional
mICP in several conditions. For example, Eide et al. has recently shown the prognostic
value of ICP pulse amplitude for shunt outcome prediction in NPH patients. The work
described in this study extends the morphological metrics by strategically segmenting
the 128 metrics into regional contributions seen in Figure 2. This simple binary
framework was developed to help elucidate some of physiological meanings of the
MOCAIP metrics. The motivation behind this work is based on the classical studies of

ICP waveform morphology that focused on the characteristic peaks.
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b) Physiological Impact
The findings in this study provide additional evidence that the sub-peaks of the ICP
waveform have physiologic meaning. There are several studies stating theories for each
of the characteristic peaks. For P1 (percussion wave), a majority of the literature cites
the pulsation of the large intracranial conductive vessels as the main driving force. The
second sub-peak (P2) has been linked to capillary expansion. Finally, P3 is thought to
be venous in origin. These results have been echoed in recent studies and are

accepted as ICP dogma regarding the characteristic peaks.

A key finding of this work is that a significant association exists between CSF
hydrodynamic measures from two distinct anatomical locations (aqueduct and cistern)
and the sub-peak regions of the ICP pulse. The aqueductal CSF metrics were
correlated with region 2 of the ICP waveform. One possible interpretation for these
results is that the driving pressure required to displace an increased CSF volume
through the aqueduct is related to the second peak of the ICP pulse. Another related
theory proposed by Greitz et al. suggests that the aqueductal egress is predominantly
caused by the brain expansion (capillaries). Therefore, the second peak of an ICP
pulse may correlate with the arterial pulse wave reaching the level of the choroid plexus

and/or capillary expansion in terms of the timing.

The results for the prepontine cistern are just as compelling with two CSF metrics
significantly correlated with region 3. Traditionally, region 3 has been associated with

the venous system. However, we know from previous studies by Greitz and Wagshul et
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al. that the cisternal CSF pulse precedes the aqueductal pulse. Based on these studies
the cisternal correlation with region 3 seems paradoxical as one might expect a
correlation with region 1. We believe that these results can be explained by the pulsatile
nature of CSF. Again, physiologically, the ICP pulse pressure waveform is created by
the intracranial volume increase from the arterial blood entering the cranial vault. For
adequate perfusion of the brain to occur, there must be a CSF egress into the spinal
canal and a subsequent return following venous drainage. We believe that the
correlation with P3 region is due to the return of CSF back into the cranial vault.
2, Study 2: Characteristics Peaks

The results of the previous study motivated an in-depth investigation into the
relationship between the CSF flow in the cerebral aqueduct and individual peaks of the
ICP pulse pressure waveform. Our study found a significant positive correlation
between the width of the second peak of an ICP pulse (ICP-Wi2) and the ASV in
patients with probable NPH. This was a rather specific finding in that neither mean ICP,
the pulse amplitude (waveAmp), nor the width of the other two peaks achieved a
significant correlation with ASV. This correlation supports our hypothesis that the P2
peak morphology would be more closely tied to measures of aqueductal CSF flow than

the other ICP peaks (P1 and P3).

As shown in Table 4, the significant correlation with ASV was exclusive to the P2 region
of ICP. Qualitatively the different characteristics of the three regions of an ICP pulse can
be seen in Figure 6 where two sets of ICP pulse pressure waveforms (Figure 6C-D)

are shown for relatively different ASV (Figure 6B). Furthermore, the waveforms in
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Figure 6C-D have equal mean ICP values (for both sets of waveforms) as it has been
well established that mean ICP impacts ICP waveform morphology. One interpretation
of this result is that the driving pressure required to displace an increased CSF volume
through the aqueduct is related to the second peak of the ICP pulse. As noted
previously, early physiological studies suggested that the first peak of ICP pulse
primarily reflects the pulsations of large intracranial conductive arteries and that the third
peak of an ICP pulse mainly reflects venous pulsation. We of course can only speculate
as to what factors contribute to the P2 morphology. The high correlation with ASV might
suggest that capillary-phase brain expansion, as proposed by Greitz,® is a likely
dominant component. There are other possible drivers of ventricular CSF pulsatile

movement, including pulsations in the ventricular choroid plexus.
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Figure 6: A) Scatter plot of ICP-Wi2 vs. ASV, where ICP-Wi2 represents the width of
P2. The correlation is significant with a p value = 0.0025. B) The ASV for two selected
patients from Figure 4A C) Two example dominant ICP pulses with different mean ICPs
for Patient 2 (low ASV). D) Two example dominant ICP pulses with different mean ICPs
for Patient 4 (high ASV). For plots C and D the dominant pulses are plotted on separate
axes which are color coded (black on the left, gray on the right) and are meant to
compare waveform shapes between patients at equal mean ICP values. The mean ICP
of the pressure pulse is depicted with a dashed line, each pair of dominant pulses (black
and gray from C and D) are within 0.1 mmHg of each other (black =8.3 mmHg and gray
= 3.0 mmHg). Reproduced with permission from Hamilton et al.’*

Physiologically, the relationship between the width of P2 and the ASV is likely related to
finite time required to initiate the capillary bed expansion after each heart beat. Since
the early 1940s CSF flow dynamics have been tied to arterial blood flow into the cranial
vault . Greitz et al. expanded on this idea using phase contrast MRI, where they showed

distinct brain expansion and retraction phases with an estimation of CSF flow in the
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aqueduct delayed several hundred milliseconds after the ECG R wave due to the
capillary bed expansion. In our study the PC-MRI measurement was made in the
cerebral aqueduct. Incorporating the relationship between capillary bed expansion and
CSF movement through the aqueduct we believe that the proposed link between the
temporal metric of ICP and ASV is justifiable based on the capillary filling time.
Moreover, we believe that the temporal correlations of ICP do not end with the filling of
the capillary bed. We speculate that if a pulsatility measurement (flow stroke volume,
etc) was made in another location (foramen of magnum, prepontine cistern, etc.) a
different temporal ICP metric would be correlated. Finally, from a technical standpoint,
studies investigating ICP pulse pressure temporal metrics are rare. Eide et al. reported
no significant difference between NPH shunt responders and non-responders for mean
ICP rise time (time from diastolic to the systolic peak). However, to our knowledge, the
temporal features of the subpeaks in the ICP pulse have not been studied. MOCAIP
provides the ability to reliably study subpeak temporal metrics and thus addresses an

unmet need in the investigation of ICP waveform morphology investigation.

Much like the first study, this study supports the claim that the three individual regions of
an ICP pulse provide complementary information to mICP. Eide’s recent clinical studies
provide additional evidence of this by demonstrating that ICP amplitude can potentially
be more important in guiding the management of hydrocephalus patients*? and
subarachnoid hemorrhage patients than mean ICP. The present work shows that
temporal metrics, such as ICP-Wi2, may provide additional insight into CSF dynamics

and may play a role in managing patients with a wide variety of altered CSF dynamics.
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A few tangentially related studies have shown relationships between ICP and CSF
dynamics, although not directly linking ICP morphologic metrics and CSF dynamics.
Alperin et al. utilized the characteristic pressure volume curve to estimate ICP non-
invasively using MRI to quantify CSF and blood flow into the cranial vault. Although this
study did not address ICP waveform morphology, it did suggest an association between
the two measures of pulsatility investigated in our study. Another study investigated the
efficacy of ASV for predicting outcome of shunt surgery in NPH, comparing ASV to
lumbar CSF pressures before and during lumbar infusion study. The results showed no
significant correlation between ASV and mean baseline lumbar pressure or ASV and
mean plateau pressure. However, there was a correlation with both baseline and
plateau pulse amplitude and ASV. """ Again, the aforementioned studies simply suggest
a possible relationship between noninvasive measures of CSF pulsatility and invasive

pressure measurements, which act as reasonable background for our results.

A limitation of our study was the small sample size. In our study design, patients being
evaluated for possible NPH were given the option to participate in the MRI research
study. Some chose not to for personal reasons (including claustrophobia), and in others,
the MRI studies obtained were not analyzable due to technical reasons (such as
malfunctioning ECG gating software). In one respect, this small number of subjects
coupled with the Bonferroni correction would challenge us more in achieving a
significant p value when quantifying the correlation between metrics. We also
acknowledge that there was a variable time lag between the ICP measurement and the

time of PC-MRI imaging. However, acute changes of either ICP pulse morphology or

120



CSF flow dynamics are unlikely in this patient population and simultaneous
measurements of invasive ICP morphology and CSF dynamics is not currently possible.
It remains to be studied whether ICP-Wi2 can be a specific and sensitive metric to
provide continuous surveillance of acute changes of the ASV.
E. Conclusion

Both studies support the hypothesis that morphological changes in the ICP pulse
pressure waveform are correlated with CSF dynamics. The first study introduced a
novel framework for investigating regional attributes of the ICP waveform based on the
MOCAIP metrics. Specifically, we measured three CSF hydrodynamic metrics at two
distinct locations within the cranial vault (aqueduct and prepontine cistern) and
correlated them with ICP morphological metrics derived by the MOCAIP algorithm. We
found significant correlations between CSF flow dynamics at both the aqueduct and the
cistern correlating with region 2 and region 3 of the ICP pulse waveform, respectively.
The individual studies further supported this idea by showing the width of the second
peak of an ICP pulse wave is positively related to the volume of pulsatile CSF
movement through the cerebral aqueduct. This finding is important because it helps our
understanding of the specific ICP pulse wave morphology metrics studied in this work.
Given the existing evidence that increased aqueductal CSF stroke volume is a marker
of impaired CSF flow dynamics, ICP monitoring equipped with a metric of second peak
width can thus offer a continuous assessment changes in CSF dynamics that mean ICP

would fail to capture.
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VIll. Chapter 5

A. Thesis Conclusion
Normal brain pulsatility is essential for healthy brain function. Although the pathoetiology
of NPH has not clearly been defined, one overall conclusion that can be drawn from this
work is altered brain pulsatility is present in NPH patients. The results of this work are

multifaceted and have applications outside of NPH.

Since the invention of PC-MRI in the early 1990s the noninvasive study of blood and
CSF flow has greatly advanced the understanding of cerebral dynamics. NPH in
particular has been a focus of CSF research because of the obvious ventriculomegaly.
Early work by Grietz, Bradley, and others help define the pulsatile nature of the brain
and some of the abnormalities in NPH. This work built off their initial findings and
defined a more complete understanding of the dysfunction, which extends past CSF
flow and into temporal and variation changes. Future work in this area should confirm
these initial findings with an emphasis on temporal and flow changes in both the

ventricular system and the subarachnoid space.

The recent BEST TRIP trial shed doubt on the use of invasive ICP monitoring for
management of TBI patients.’® Despite some of the shortcomings of the trial (high
mortality rate in both arms), we agree with the fundamental premise that traditional ICP
monitoring is insufficient. The work presented in this thesis expands on the UCLA
group’s work showing that morphological features of ICP are advantageous compared

to traditional mean ICP analysis. Additionally, the specific work investigating the
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P3Ratio of the ICP pulse pressure waveform provides additional evidence for a
physiological basis for the waveform changes. This work in particular has the potential
to revolutionize the way ICP monitoring and cerebral blood flow monitoring is performed

in the intensive care unit.

The final study of this thesis focuses on the relationship between noninvasive and
invasive measures of brain pulsatility. Building off the latter portion of the previous
chapter, this work extends the knowledge of the characteristic peaks of the ICP
waveform, leading toward a more physiological understanding. This work for the first
time showed a significant relationship between CSF flow within a specific anatomical
location and a morphological feature of the ICP waveform. Again, this work is a first step
toward a greater utilization of the ICP waveform for both diagnostic and prognostic

purposes.

In conclusion, the work presented in this thesis approach the study of brain pulsatility
from both the invasive and noninvasive modalities. NPH was also a common theme
through this work as it has been well established that it is a disease of CSF flow
dysfunction. Although this work has expanded the knowledge of brain pulsatility and
dynamics in NPH patients much of the advances can be applied to other neurological
conditions. The hope of the author is that this work will motivate the next generation of

studies into brain pulsatility and ICP analysis.
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