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Abstract

Hydrocephalus is a medical condition characterized by an excessive buildup of cerebrospinal
fluid (CSF), resulting in elevated intracranial pressure (ICP) that can cause headaches, cognitive
impairment, and even death. To address the limitations of conventional treatment methods, a
smart shunt is developed to relieve the elevated ICP. It is an implantable device that minimizes
the risk of over-drainage and has a lower failure rate compared to traditional shunts. The smart
shunt includes a sensor reader circuit, a valve driver circuit, and a control circuit, and is equipped
with a custom-made pressure sensor that measures ICP and a piezo-actuated shunt valve that can
be controlled with high voltages (=100V). The smart shunt utilizes a novel control algorithm that
opens the valve when the average ICP exceeds the upper threshold and quickly closes it when the
instantaneous ICP falls below the lower threshold, effectively preventing over-drainage.

We performed experiments on a physical ICP simulation platform and generated ICP waveforms
for analyzing brain compliance, which is a crucial indicator for assessing hydrocephalus but has
been difficult to measure reliably until now. ICP waveforms corresponding to 22 simulated
patients were generated under varying brain conditions, ICP base pressures and heartbeat rates.
Using these recorded ICP waveforms, we developed two models for estimating brain compliance
using the ICP waveform over a cardiac cycle: one based on the P2/P1 ratio and the other using
the area under the curve combined with baseline pressure. The models differ between patients
but can be correlated, allowing for further investigation into the relationship between these

correlations and their implications for monitoring compliance values.
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Chapter 1: Intracranial pressure and its

monitoring

1.1 Background

Hydrocephalus is a medical condition characterized by an excessive buildup of cerebrospinal
fluid (CSF), resulting in an abnormal increase in intracranial pressure (ICP). This condition,
which can affect both children and adults, is often present at birth. Hydrocephalus impacts 1 to 2
out of every 1000 live births, making it the primary reason for brain surgery in children in the
United States. The National Institutes of Health (NIH) estimates that 700,000 children and adults
are living with hydrocephalus, though fewer than 20% are accurately diagnosed. The annual
medical cost of hydrocephalus exceeds US$ 1 billion. While the introduction of CSF shunting in
the early 1900s and one-way valve systems in the 1950s has saved countless lives, CSF shunt
systems have seen minimal improvement over the past six decades. Improved treatments
enhanced long-term monitoring, and accurate, low-cost, noninvasive diagnostic tests are
necessary (Hydrocephalus Association 2016).

The abnormal accumulation of CSF can lead to headaches, cognitive impairment, and even
death. Once hydrocephalus is detected, treatment options may include endoscopic procedures to
restore proper CSF flow or the insertion of a ventriculoperitoneal (VP) shunt to alleviate
increased ICP by diverting the fluid to other body cavities such as the pleural space, cardiac

atrium, or most commonly, the peritoneum. Prompt identification of elevated ICP is crucial to



minimize the risk of permanent brain damage and to effectively manage hydrocephalus

symptoms throughout the patient's life.

1.2 Physiology and pathophysiology of intracranial pressure

Intracranial pressure (ICP) refers to the pressure within the cranial cavity, typically measured in
mmHg and referenced to atmospheric pressure. Normal ICP values differ based on age and body
position, ranging from 5 to 15 mmHg in supine adults, 3 to 7 mmHg in children, and 1.5 to 6
mmHg in term infants (Smith et al. 2008, Raboel et al. 2012).

ICP is significantly impacted by the equilibrium of volumes within the brain (1100 to 1300 cm?),
cerebrospinal fluid (CSF) (130 to 150 ¢m?), and blood in intracranial vessels (60 to 80 cm?). As
brain volume remains relatively constant (except under conditions that may cause cerebral edema
or hemorrhage), CSF and intravascular blood are the primary determinants of ICP. Cerebral
blood flow is mostly stable and depends on mean blood pressure. Abnormal ICP may result from
an imbalance between CSF production in the brain ventricles and its absorption into the dural
venous sinuses (Mokri et al. 2001, Popovic et al. 2009).

Cerebral perfusion pressure (CPP), or the blood pressure within the brain, is generally consistent
in healthy individuals due to autoregulation (Steiner and Andrews et al. 2006). CPP is calculated
as the difference between mean arterial blood pressure (MAP) and ICP (CPP = MAP - ICP).
When ICP is elevated, CPP decreases. As such, CPP is an important parameter to monitor and
maintain when addressing increased ICP (Steiner and Andrews et al. 2006, Duschek and
Schandry et al. 2007).

Elevated ICP can result from various medical conditions, including intracranial mass lesions,

hydrocephalus and other CSF circulation disorders, more diffuse pathological processes, and



head injuries causing intracranial hematoma or cerebral edema. Increased ICP can lead to
compression and damage of brain structures, brain herniation, and reduced blood supply to the

brain (Graham et al. 2000, Steiner and Andrews et al. 2006).

1.3 Role of ICP monitoring in current clinical practice

ICP monitoring is a crucial component in the management of various medical conditions, serving
as a valuable tool in clinical practice to assess brain pressure and compliance (Di leva et al.
2013). However, the field currently lacks standardized guidelines, leading to hospitals adopting
different ICP monitoring practices (Raboel et al. 2012).

Continuous ICP monitoring is employed in the treatment of severe closed head injuries in both
adults and children (Dunn et al. 2002), as well as subarachnoid and other brain hemorrhages,
meningitis, cerebral edema caused by acute liver failure, stroke, benign intracranial hypertension,
craniosynostosis (head shape deformities), and issues related to hydrocephalus and CSF shunt
function (Czosnyka and Pickard et al. 2004).

There is now an urgent need to research and incorporate ICP monitoring into a comprehensive,
personalized approach to clinical care (Hawthorne and Piper et al. 2014), utilizing patient-
specific parameters for ICP and CPP. Both invasive and non-invasive ICP monitoring techniques

have been developed for application in a range of clinical situations.

1.4 Invasive ICP monitoring

Invasive methods are considered the standard approach for direct ICP monitoring. There are

various invasive techniques for measuring ICP, which can be performed at different intracranial



anatomical locations: intraventricular, epidural, subdural, subarachnoid, and intraparenchymal.
Additionally, in certain situations, ICP may be assessed via lumbar puncture in patients with
communicating CSF pathways (Eide and Brean et al. 2006, Lenfeldt et al. 2007, Speck et al.
2011).

ICP measurements can be taken at multiple brain sites. Intraventricular and intraparenchymal
measurements are more frequently used, while extradural and subdural measurements are less
common due to their measurement inaccuracies. The standard invasive technique involves
inserting a catheter into the ventricular system, typically through a small hole drilled in the skull.
Alternatively, a pressure probe or sensor can be placed within the brain parenchyma (Zhong et

al. 2003, Ross and Eynon et al. 2005, Rai and Varadan et al. 2010, Kashif et al. 2012).

1.5 Noninvasive ICP monitoring

Various invasive ICP measurement methods are available, but there is a need for a noninvasive
ICP (nICP) monitoring system with clinically acceptable accuracy. Noninvasive ICP
measurement is appealing for two reasons: (1) it minimizes complications associated with
invasive methods, such as hemorrhage and infection; and (2) it enables continuous long-term ICP
measurements without requiring a new device to be inserted each time a measurement is needed
due to clinical changes, a procedure that can only be performed by a neurosurgeon in a
specialized facility. Partial information can be obtained through magnetic resonance imaging
(MRI), ultrasound, or Doppler flow (Rosenberg et al. 2011). The correlation coefficient between
nlCP and ICP indicates how well ICP can be predicted using nICP. Several methods for nICP
monitoring have been proposed (Popovic et al. 2009, Kashif et al. 2012), which generally

measure physiological variables that indirectly correlate with ICP.



Numerous non-invasive methods have been suggested and developed for nICP monitoring,
which can be grouped into five broad categories: Fluid dynamic, Ophthalmic, Otic,
Electrophysiologic, and other. Fluid dynamic-related methods include magnetic resonance
imaging (MRI), transcranial Doppler ultrasonography (TCD), cerebral blood flow velocity
(CBFV), near-infrared spectroscopy (NIRS), and transcranial time-of-flight, all of which assess
dynamic fluid changes in ICP, cerebral blood flow, and cerebral compliance. Ophthalmic-related
methods involve spontaneous venous pulsations (SVPs), venous ophthalmodynamometry, optical
coherence tomography (OCT) of the retina, optic nerve sheath diameter (ONSD) assessment, and
pupillometry. The eye serves as a window to the cranial vault due to the dural extension of the
optic nerve sheath and the communication between perioptic nerve CSF and cerebral CSF (Bruce
et al. 2014). Otic-related methods include sensing tympanic membrane displacement (TMD),
analyzing otoacoustic emissions (OAE)/acoustic measures, and transcranial acoustic (TCA)
signals. The ear has an indirect communication with CSF, allowing for ICP evaluation via the
cochlear aqueduct, which provides pressure relief for the inner ear between the perilymph of the
cochlea and posterior cranial fossa CSF. Electrophysiologic-related methods, such as visual-
evoked potentials (VEP) and electroencephalogram (EEG), can predict elevated ICP using nICP
based on the slowing of cerebral electrical activity. Other non-invasive methods under
development include skull vibrations, brain tissue resonance, and jugular venous outflow. While
all these non-invasive methods for determining ICP are generally inaccurate, they can provide

insights into ICP elevation in a broader sense.



1.6 Components of ICP waveform

One way to directly assess cerebral compliance without additional risk is through ICP pulse
waveform analysis. This method does not require the placement of any additional devices
beyond the pressure sensor. The waveform primarily originates from pulsations of intracranial
arterial inflow, with contributions from CSF reverberation from the lumbar cistern and
retrograde venous pulsations. Analyzing the components of the ICP waveform can help
determine a patient's compliance status.

A single ICP waveform consists of three peaks (P1, P2, and P3) that correlate with the
propagation of arterial pulse pressure (Figure 1.1). P1, also known as the systolic or percussion
wave, is produced by the transmission of arterial pressure. When the shockwave reaches the
ventricular system, ventricular compression creates the CSF pulse wave, generating P1 and
forcing CSF through the ventricular system's outlets via the foramina of Magendie and Luschka
(Stephen et al. 2014) into the subarachnoid space surrounding the brain and spinal cord.
Following ventricular compression, ICP decreases as some CSF is expelled from the ventricular
system. As the arterial pulse pressure further propagates into the brain parenchyma, ICP rises
again due to the succussion splash, which is P2. ICP decreases with a decline in arterial pressure
and volume and venous blood outflow, then the pressure transmission of aortic valve closure

generates the dicrotic wave, which is P3.
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Figure 1.1: Transmission of arterial pressure.

P1 typically has a higher amplitude than P2. However, when intracranial volume and pressure
increase and brain compliance decreases, P2 may surpass P1. This indicates reduced brain
compliance and impending herniation (Figure 1.2). With low brain compliance, there is less CSF
in the subarachnoid space to be expelled, altering the ICP waveform shape and eventually

causing P2 to be higher than P1.
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Figure 1.2: Intracranial pressure waveforms under normal (left) and low (right) compliance.



Recent research indicates that ICP pulse amplitude (AMPICP) serves as a more effective marker
than mean ICP in various conditions, such as hydrocephalus, traumatic brain injury (TBI), and
subarachnoid hemorrhage (Carrera et al. 2010; Eide et al. 2006; Holm et al. 2008). Additionally,
experimental studies suggest that ICP pulse amplitude is influenced by both mean ICP and
cerebral arterial blood volume (AMPCaBV) (Carrera et al. 2010). Given that the area under the
curve in each cardiac cycle is also affected by cerebral arterial blood volume, brain compliance
may be determined based on ICP waveform information, such as mean ICP and the area under
the curve (Figure 1.3), as long as cardiac pulse volume variability is minimal. As intracranial
pressure increases, it becomes more difficult for blood to enter the head, leading to a reduction in
the area under the curve. At a certain point, the initial ICP pressure is too high for blood volume
to enter. In cases of exceptional compliance, blood can easily enter, resulting in a small area
under the curve. This occurs during a craniectomy, where compliance is significantly improved
due to the removal of a part of the skull. The area under the curve is more of a function of
compliance between low and high compliance levels. To differentiate between high and low
compliance, mean ICP measurement can be used. If mean ICP is high and there is no area under
the curve, compliance is poor. Conversely, if the intracranial pressure measurement is low and
there is no area under the curve, compliance is high. The area under the curve increases to a point
as compliance decreases, then decreases. When compliance is poor, blood flow drops
dramatically. In extreme cases, Ap from peak systolic pressure to end-diastolic pressure reaches

Z€10.
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Figure 1.3: The area under the curve represents the area of ICP waveform above the baseline
pressure in one cardiac cycle.

A semi-automated algorithm has been developed to identify P1 and P2 values based on each
pulsation. The baseline pressure is captured by the local minima. Using ICP waveform

information and baseline pressure, the area under the curve for each pulsation can be calculated.
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1.7 Future of intracranial pressure monitoring

Intracranial pressure monitoring is a crucial tool for managing conditions such as hydrocephalus,
traumatic brain injury, and other neurological disorders. It allows clinicians to obtain accurate
intracranial pressure measurements and make informed decisions regarding patient care.
However, the development of noninvasive ICP monitors as a critical future direction is currently
hindered by technological limitations (Di Leva et al. 2013, Hawthorne and Piper et al. 2014).
Existing ICP monitoring systems are invasive, requiring the opening of the skull and the
implantation of sensors with wires or catheters that exit the skin to connect to various monitors.
Invasive ICP monitoring is associated with complications such as disconnection, device failure,
infection, and hemorrhage. Ventricular-catheter related infection rates are approximately 10%
and are correlated with the duration of catheter placement (Fried et al. 2016, Lozier et al. 2002).
Clinically symptomatic hemorrhages due to catheters range from 0.7% to 2.4% (Fried et al.
2016).

Considering the current limitations of noninvasive ICP monitoring and the numerous
complications associated with invasive ICP monitoring, we propose the development of a smart
shunt. This device would not only function like a traditional shunt for hydrocephalus treatment
but would also provide precise and reliable long-term intracranial pressure monitoring with a
reduced failure rate. Advanced features, such as low compliance detection and self-calibration,

could further enhance the utility of this innovative solution.
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Chapter 2: Smart shunt

2.1 Overview

The smart shunt is an internal device designed to monitor conditions such as ICP or CSF
drainage rate and adjust the shunt based on the patient's individual information. Generally, it is
defined as an implantable system created to regulate CSF drainage according to data measured
either internally or externally. All smart shunt concepts share a common framework: an internal
fluid control mechanism, an actuator to operate the valve, one or more sensors (external or
internal), a power source, communication capabilities, and a protective casing to separate
electrical components from the body.

Our smart shunt is an implantable system for managing intracranial pressure (ICP). Figure 2.1
illustrates the entire system. The microcontroller, internal reader, and valve driver are implanted
between the skull and scalp, while the sensor is implanted through the dura layer, with the
membrane potentially in contact with the cerebrospinal fluid (CSF). The complete system
comprises: a catheter implanted within the patient's brain, with a proximal portion inside the
brain and a distal portion diverting CSF out of the brain to another area of the patient's body; a
sensor implanted within the brain, generating a signal representing ICP; a valve that allows
excess CSF to drain from the brain through the catheter when in an open position, and prevents
excess CSF from exiting the brain through the catheter when in a closed position; and a valve
driver that receives the signal representing ICP, controlling the valve to alternate between open
and closed positions in a cycle for consecutive cycles.

Figure 2.2 displays the primary component block diagram for the Wisconsin Hydrocephalus

Project (WHP) smart shunt system. This system comprises a pressure sensor with an internal
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reader, microcontroller, driver circuit, piezoelectric actuator, and on/off valve. The pressure
sensor, combined with the internal reader, provides a voltage reading based on the ICP sensor
value within the patient's head. The microcontroller takes the sensor reading and calculates the
moving window average (control algorithm) of these readings over a 60-second period. Using
the average ICP, the microcontroller manages the position of the piezoelectric actuator through
the driver circuit. The actuator is situated within the on/off valve to regulate the CSF shunt flow
(either O or positive).

In this project, I collaborated with Xuan on the ICP pressure sensor reader circuit. I designed the
smart shunt control algorithm, smart shunt working schedule, and finalized the smart shunt
design, resulting in the production of the first prototype.

Cellphone attachement
for data tranmission

Implanted
\.\\'\ N Electronics CSF

Flexible
o / Antenna
Commununication /

Module -~
~

__Wireless
Charging

Proximal
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~ .
Electronics
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PDMS/

Coating ~ Capacitive piezo actuator driver circuit)
Sensor

Figure 2.1: ICP management system overview. It consists of telemeter, sensor tag, pressure
sensor, valve driver and valve.
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Figure 2.2: The smart shunt system yields a positive flow when the ICP exceeds +13 mmHg.
2.2 Sensor

In this section, I will discuss the work of my colleague, Xuan Zhang, who focused on developing
and fabricating an intracranial pressure (ICP) sensor for permanent brain implantation. Xuan
successfully fabricated a capacitive silicon sensor at the Wisconsin Center for Applied
Microelectronics. The sensor functions by bending a diaphragm as pressure increases, reducing
the distance between two plates, and subsequently increasing their capacitance. The enhanced
capacitance leads to the storage of digital numbers in the microcomputer memory through a
capacitance-to-digital converter. The sensor's dimensions are 4 mm x 6 mm X 0.55 mm, allowing
for implantation through a 5 mm diameter skull burr hole and into the ventricle. To protect the
sensor from bodily fluids, it is coated with a 10 um layer of Parylene C. I integrated this internal

sensor reader circuit into the smart valve system to monitor ICP.
2.2.1 Sensor reader circuit

A capacitive pressure sensor reader circuit is used to measure pressure changes by detecting
changes in capacitance. Due to high resolution, high speed and low power features of FDC2114,
I picked FDC2114 (Figure 2.3) as the capacitance-to-digital convertor for detecting the

capacitance. An LC tank was applied to set the frequency of oscillation. Based on the sensor
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frequency data from SDA, we can calculate the capacitance of our ICP pressure sensor from

equation 2.1.

: —C 2.1)

C =
sensor
L *(2T* fsensor)?

Where C is the parallel sensor capacitance.
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Figure 2.3 FDC2114 RGH package 16-pin WQFN top view from FDC2114 data sheet.

2.2.2 Sensor measurement and test

This section highlights collaborative work with Xuan. The sensor was designed to measure
absolute pressures ranging from 550 to 760 mmHg, accommodating ICPs from sea level to
pressures experienced in airplanes at 8,000 feet altitude, as well as a high pressure range from
760 to 900 mmHg. Our capacitive sensor's full measurement scale extends from 0 mmHg to
1,000 mmHg, with an accuracy of 0.08% over two months. Figure 2.4 displays the sensor
measurement test results for pressures between 500 and 900 mmHg, generated by a movable

piston of a syringe. The test results demonstrate the sensor's excellent performance, featuring a



resolution of 0.022 mmHg, drift value of less than +0.5 mmHg (0.05% FSO), and repeatability

across the sensor range for two months.
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Figure 2.4: Sensor output increases with elevated ICP.

We established the sensor calibration system and sensor long-term test platform to realize accelerated
testing for long-term stability and performance distribution consistency. An automatic sensor test
platform has been set up as shown in Figure 2.5. With the help of a power supply, measuring cylinder,
temperature meter and pulsation/pressure generator, the sensor test platform will yield pressure
measurement of the capacitive sensor from 500 mmHg to 900 mmHg automatically and repeatedly
without manual control. This sensor test platform will save much time as well as avoid important
fluctuations from manual control and environment. Figure 2.6 is a prototype of the capacitance pressure

S€nsor.
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Figure 2.5: Automatic sensor test platform.
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Figure 2.6: Capacitive pressure sensor.
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2.3 Valve and valve driver

Prof. Luzzio completed the final design of the piezo-actuated shunt valve utilizing combined
CAD and 3D printing technology and machine techniques. The piezo actuator bends and moves
a circular valve sleeve surrounding a 1.56 mm diameter stainless-steel hypodermic needle drain
tubing with a 0.53 mm diameter hole drilled as a valve orifice. The valve housing is 50 mm x 12
mm X 6 mm. The fabrication technique, design, and size make it easily reproducible and fine-
tunable for animal and in-vitro experimentation; the stainless drain tubing can be slid right or left
to precisely locate the valve orifice with respect to the valve sleeve as shown in Figure 2.7.
Inside the valve, 0.7 mm range piezo bender actuator (BA3502) was picked for low power
property and fast response. The housing will be further reduced in size to be placed on the back
of the head between the skin and the skull.
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Figure 2.7: Piezo shunt valve.
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2.3.1 Valve driver circuit

I designed the valve driver circuit using two-wire method connecting to our piezo bender
actuator. The low-voltage piezo haptic driver (DRV8662) was applied into final design due to its
high efficiency and high output power. It reduces power consumption and extends battery life for
portable applications. It contains an integrated differential amplifier and a booster. It can drive
the piezoelectric valve up to 200 Vp, with fast transition time. We can set up the boost output

voltage using equation 2.2.
R
Veoost = Vrp (1 + é) (2.2)
Where Vyp = 1.32 V. R1 and R2 are the resistors we set during boost voltage programming

(Figure 2.8). It is recommended that the sum of the resistance of R1 and R2 be greater than 500

kQ.

Figure 2.8 Boost voltage programming.
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2.4 Control

To perform efficiently, a smart shunt system requires a microcontroller that has an analog to
digital converter (ADC) with a minimum sampling rate of 40 Hz for collecting ICP data, the
ability to perform a moving window average, a timer that helps to setup the interval window for
updating the ICP average value, and the capability of sending an output signal to the control
booster circuit according to the ICP average value. I chose this microcontroller,
dsPIC33FJ32GP204, for our final prototype. This microcontroller is one of the most popular
microcontrollers that can perform complex digital signal processing. It has flash memory with
self-programming and self-testing capabilities, and it is designed for low power consumption,
with a range of power management features that can help to reduce power consumption and

extend battery life for portable applications.

2.4.1 Control algorithm

The ICP waveform has unique characteristics, a single pulse within the ICP wave can consist of
up to five peaks Pi. Physiological parameters of specific patient determine the amplitude and the
frequency of each ICP pulse components. Figure 2.9 (Elixmann et al. 2012) shows a typical ICP
single wave which is called “P wave”. As introduced in section 1.6, the first three peaks usually
are more dominant: P1 is due to the arterial pulse, P2 is due to cerebral compliance, and P3 is

due to closure of the aortic valve, which causes the dicrotic notch.
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Figure 2.9: A typical single pulse ICP waveform due to heartbeat.
According to (Elixmann et al. 2012), an exponential pressure—volume (P—V) relationship exists
as follows:

ICP(t) = p, + kgeketastV(®) (2.3)
Thus, changes in blood volume alter ICP. ICP oscillations may occur as a function of pulsating
blood flow to the brain caused by heartbeats (P waves). Numerous proposals have been put forth
to discuss the control of a closed-loop shunt system. These control methods for opening and
closing the valve can be categorized into three parts: approaches utilizing real-time ICP
characteristics, approaches incorporating a combination of real-time ICP characteristics and
patient feedback, and approaches using an ICP dynamics model with real-time ICP
measurements. However, no specific valve management technique has demonstrated superiority

over others, indicating that further studies on existing and new techniques are necessary.
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2.4.2 Moving window average

The moving window average is one of the simplest-classical ways to smooth data. It consists of
averaging consecutive data through a fixed moving window. The moving interval always is less
than the size of the window. For example, six numbers sample size with two numbers moving
window as described below. It is a common practice to apply moving window average for
improving signal to noise ratio SNR (noise filtering). Figure 2.10 demonstrates a signal with high
frequency components has been smoothed after applying moving window average. Figure 2.11
shows an ICP measured through a complete day. It is evident that numerous spikes occur
throughout the day. These spikes will open the valve with normal pressure differential valves
(which will cause over-drainage over a long period). However, a smart shunt system with

moving window average would not be greatly affected by these spikes.

Figure 2.10: High frequency signal with moving window average. (Shmueli et al. 2011)
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Figure 2.11: Intracranial pressure course over 24 h daily routine at home. (Elixmann et al., 2012)

2.4.3 Program simulation

A simple moving average program uses a Microchip microcontroller. This program collects the

ICP sensor capacitance readings for 1 min then calculates the average of these readings. Using

the average value, the microcontroller sends the output signal to the driver circuit which in turn

opens/closes the valve, if needed. The average value is updated each 1 s by removing the oldest 1

s from the 1 min value and adding new 1 s data, using a moving average algorithm. Figure 2.12

shows the flow chart of this control algorithm. When the average value is larger than the upper
threshold, the device would open the valve. When the instant ICP value smaller than the lower

threshold, the device would close the valve immediately to prevent over-drainage. Figure 2.13

shows ICP data collected from patients, and the effect of applying a low pass filter on these data.

From these data, we can see high-frequency noise has been removed effectively and get a

smoother and more stable signal.
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Figure 2.13: Left: Original data; Right: data after applying low pass filtering. (Sampling
frequency is 5 Hz.).

2.4.4 Conclusion

There is a tradeoff between the quality of control and the energy consumption. Complex

algorithms require more microcontroller tasks that consume energy. Also, there have not been
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studies that approve the viability of such complex algorithms. Therefore, a simple moving
window average has been selected. This algorithm has been carefully optimized and smooths
most ICP sudden changes or spikes (These spikes might cause unnecessary opening/closing the
valve).

There are no previous studies that determine the best algorithm to use. We have chosen the
moving window average as a control algorithm for the WHP smart shunt system. This algorithm
is simpler than other algorithms, and thus easier to implement and consumes less energy. This
control algorithm needs to be tested and optimized with a complete closed loop smart shunt

system. Also, other groups’ algorithms could be tested to make a comparison in the future.

2.5 Power consumption

2.5.1 Power requirement for smart shunt system

Low power consumption is essential for smart shunts to allow operation on battery power for at
least a couple of years. Hardware selections and control algorithm are the two most important
features which affect power draw. Smart shunt systems always involve a wide tradeoff range
between quality of control and power draw. To minimize power consumption, two criteria are
very important; low-power components that draw minimum power and a control algorithm that
calls these components into action as little as possible. However, despite the importance of
power issues to the viability of smart shunts, there is little on the subject in the literature. Unlike
mechanical valves, smart shunt valves have a working mechanism that requires decisions about
the ICP reading schedule, the way to evaluate these readings, and the level of the valve response.
To adequately filter ICP data (which includes removing undesired transients like cardiac cycles,

noise, and pressure spikes), it is necessary to obtain the data for a duration of at least several
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seconds. Also, most control algorithms require this duration of data to be able to perform an
efficient control task.

On the other hand, more data lead to more power consumption. Therefore, an excellent control
strategy fails if power consumption exceeds the capability of the system to deliver such power.
For our current prototype, we applied non-rechargeable battery. Zhe, another team member in
our group, worked on the wireless charging module for our smart shunt supporting rechargeable

battery.
2.5.2 Different control strategies

Although control strategies are essential for closed loop shunt systems, there are no major
quantitative studies except of two research groups. The group (Al-Nuaimy et al. 2011) defined a
figure of merit using computer models to determine the best scenario for opening/closing a smart
shunt valve. Their result suggests a total drainage of 15 min/h, which spreads over four intervals.
Another research group (Lutz et al. 2013) predicts that if [CP must be maintained within 1 cm
H20 (~ 0.7 mmHg) of a set point, a normally closed position on/off valve requires activation
every few minutes. However, according to WHP team, smart shunt valve could be activated in

slower rate (once each 1-6 h).
2.5.3 Calculations of power consumption

There are main points related to power management strategy. These are the type of the battery
(nonrechargeable vs. rechargeable), the location of the implantation (near the brain surface if
there is power/information transmission involved), and the control algorithm. This section
describes a brief power consumption calculation for WHP smart shunt system. Table 2.1 shows
power budgeting of main components for WHP smart shunt system. Table 2.2 shows one power

budgeting example. The driving circuit is only in the active state during transition from opening
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to closing and vice versa. Wireless power transfer platform was developed by Zhe for wirelessly

charging the rechargeable battery in our smart shunt.

System components Current Draw Time Required (s)
Internal Reader
Capacitance-to-Digital 2.1mA (active) 10s each sampling
Converter 35uA (sleep)
Piezo Driver
Booster Circuit 75mA 2.5ms each activation
Microcontroller
PIC33FJ32GPXXX 25mA (active) Depends on schedule
25uA (idle)

Table 2.1: Power budgeting of main components for WHP smart shunt system.

Time in Mode X # of Charge Current *

occurrences during (1 Time
h) By Device Mode Total (mA s)

(3600s — 2.5ms*3 — 60uA 210mAs
10s*10)*1
MCU Idle 25uA
Sensor Off 35uA
Booster X 100mA(500m 0.75mAs
EELE A) (3.75mAs)
MCU Run 25mA
Driver On 75mA
Sample 27.1mA(58mA 2710mAs
100 ) (5800mAs)
MCU Run 25mA
Sensor On 2.1lmA

Average Charge during 1 2920.75mAs(6013.
h 75mAs)

Total Battery Lifetime in

hours = Battery Capacity 61.6hours(29.9hou
(50 mAh) / Average Is)
Chargeinlh

:‘:::l Battery Lifetime in 2.6days(1.2days)

Table 2.2: WHP smart shunt system power budgeting example.
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2.6 Final prototype

We built our first prototype with the design above. Figure 2-14 and Figure 2-15 shows the
schematic and PCB layout for the electronic part of our smart shunt. Figure 2-16 shows the final
device I designed and built. Its function has been fully tested and verified. The whole system
consists of a pressure sensor with internal reader, microcontroller, driver circuit, piezoelectric

actuator, and on/off valve. Based on our prototype, under our current monitoring schedule, our

smart can work over 2 days with a single charge.
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Figure 2-14: Schematic of our smart shunt.
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Figure 2-16: Final device integrating the sensor reader circuit, valve driver circuit and
microcontroller.
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2.7 Conclusion

In this chapter, I designed the sensor reader circuit, valve driver circuit and control circuit for our
smart shunt and built our first smart shunt prototype. Our smart shunt can read the ICP pressure
from our manufactured ICP pressure sensor (Xuan’s work) and generate high voltage value
(£100V) to open or close our piezo-actuated shunt valve. With my proposed control algorithm,
smart shunt can open the valve when the average ICP value is larger than the upper threshold and
close the valve instantly when the ICP value is below the lower threshold to prevent over-
drainage. Under our working schedule, when the device is fully charged, it can work

continuously for 2.6 days.
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Chapter 3: Intracranial compliance

estimation based on ICP waveform

3.1 Motivation

Intracranial compliance represents the change in volume per unit change in pressure. It
determines the ability of the intracranial compartment to accommodate changes in volume
without significant increase in intracranial pressure. This is vital because if the fluid volume
inside the skull increases, such as from swelling or bleeding, it can restrict cerebral blood flow
and lead to brain damage.

Until now, intracranial compliance cannot be measured directly and reliably. Attempts to employ
invasive means to measure the intracranial volume change cannot guarantee that the
measurement operation will not impact the accuracy of the results. Many previous attempts have
been proposed to estimate the brain compliance using measured ICP value and cerebral perfusion
pressure (CPP) (Portella et al. 2005).

In this chapter, we carried out experiments on an ICP simulation platform to assess ICP
waveforms and related compliance values to create efficient predictors for brain compliance
using two distinct ICP waveform models. The first model relies on the ratio of the peak P1 value
to the peak P2 value within an cardiac cycle of the ICP waveform. The second model employs
the area under the ICP curve as a function of ICP, in conjunction with baseline pressure. We aim
to establish empirical equations for predicting a patient's compliance solely based on ICP

waveform measurements.
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3.2 Cerebral compliance

The fully fused human skull is a closed non-distensible box. The intracranial space within the
skull is composed of three elements: 80% brain tissue, 8% cerebrospinal fluid (CSF), and 12%
blood (Germon et al. 1988; Honghao et al. 2020). Cerebrospinal fluid is an ultrafiltrate of plasma
contained within the ventricles of the brain and the subarachnoid spaces of the cranium and spine
(Sakka et al. 2011; Telano et al, 2021), which performs vital functions, including providing
nourishment, waste removal, and protection to the brain (Spector et al. 2015). As Figure 3.1
shows, CSF is mainly secreted by the choroid plexus and, to a lesser extent, by the interstitial
compartment. It circulates rostrocaudally inside the ventricles and drains into the
cerebellomedullary cistern (cisterna magna) through the median aperture (foramen of Magendie)
and the 2 lateral apertures (foramina of Luschka) of the fourth ventricle. CSF circulates in cranial
and spinal subarachnoid spaces. In the cranial subarachnoid space, CSF flows towards arachnoid
villi in the wall of venous sinuses from which it is absorbed. There is some new literature that
may indicate part of the CSF volume is absorbed by the cranial nerve sheaths (optic, trigeminal,
facial, and vestibulocochlear nerves) and is drained to some degree by the lymphatic system. In
the spinal subarachnoid space, a portion of the CSF may be absorbed by the epidural venous
plexus and spinal nerve sheaths en route to the lymphatic system, while the remaining CSF
circulates rostrally towards the cranial subarachnoid space. Adult CSF volume is estimated to be
150 ml, with a distribution of 125 ml within the subarachnoid spaces and 25 ml within the
ventricles of a normal adult brain (Lauren et al. 2021). ICP is unchanged when the total
component volumes remain unchanged. With an increase in volume of one or more of these
components, pressure increases as the closed box is unable to enlarge without subsequent

decreases in other components.
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Figure 3.1: Cerebrospinal fluid (CSF) pathway.

Cerebral compliance expresses the amount of ICP pressure increase caused by the intracranial
volume change. It is not a global phenomenon but varies in each of 5 cerebral compartments:
right and left anterior fossa, right and left middle fossa, and posterior fossa. Cerebral compliance

can be written as:

_ AV

C_AP

(3.1)

C = Compliance, V = Intracranial Volume, P = ICP Pressure

A person with adequate compliance has intact compensatory mechanisms for adapting to an
increasing volume (Germon et al. 1988). Once these mechanisms are fully saturated, brain
compliance decreases. When a person has low brain compliance, a small increase in the
intracranial volume produces a large increase in ICP. For a person with adequate compliance, we

can see a normal increase in the intracranial volume from an arterial pulse would result in small
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increase in ICP pressure. This phenomenon is described by the volume pressure curve (Figure

3.2) (Germon et al. 1988).

Intracranial Pressure (mmHg)

-

Volume (mL)

Figure 3.2: Volume-Pressure curve.

Initial increases in volume (area A), can be compensated for so ICP does not increase much. As
compensation begins to fail and compliance decreases (area B), small increases in volume result
in significant increases in pressure. Clinical symptoms of increased ICP may become apparent in
this phase. With continued loss of compensation and decreased compliance (area C), small
increases in volume result in exponential increases in pressure. Cerebral circulation is threatened,
and herniation syndromes may occur during this phase.

The level of ICP is, therefore, not the only factor which should be considered when evaluating a
patient. Compliance can often be the more critical issue. Patients with decreased compliance may

sustain greater increases in ICP from a given increase in volume than patients with adequate
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compliance. Further, patients with decreased compliance may maintain increased ICP even when
volume returns to previous levels. Therefore, patients with decreased compliance are at risk for
disproportionate and prolonged increases in ICP in response to a given stimulus. Tissue
ischemia, hypoxia, or herniation may follow these increases of pressure.

To illustrate this point, the following example is given. Patient A and patient B both have an ICP
of 18 mmHg, slightly elevated, but not a dangerous level in most instances. Patient A has
adequate compliance and patient B has decreased compliance. Both patients are placed with their
heads flat for invasive line placement. In this situation the resulting decrease in venous outflow
from the brain causes an equal increase in intracranial volume for each patient. Patient A’s ICP
increases to 20 mmHg while flat and rapidly returns to normal when his head is returned to its
previous position. Patient B's ICP rises to 30 mmHg and stays greater than 26 mmHg even when
his head is returned to its previously elevated position.

Patient B can suffer serious injury from a maneuver that patient A was able to tolerate. If one
only considers the actual ICP and not the state of compliance, patients may be subjected to
activities beyond their capability to tolerate safely. It is better to know prior to a procedure which
patients should be able to tolerate the procedure, and which would probably have problems with
increased ICP. Patients identified as having decreased compliance could have additional
measures taken prior to a necessary procedure to improve compliance, or low priority procedures
could be eliminated.

Another issue pertains to timing of surgery for a failed shunt. If 2 patients had the same mildly
elevated ICP but one had poor compliance, it would be clear that depending on the rate of change
of compliance that one patient might need air transport and emergency surgery where the other

may have much more time to spare.
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3.3 Compliance estimation

Clinical methods exist to estimate cerebrospinal compliance, such as the volume pressure
response (VPR) test, and the pressure volume index (PVI) (Germon et al. 1988, Shulman et al.
1971). The VPR test measures the change in intracranial pressure induced by the addition or
removal of 1 ml of fluid from the ventricles. With the injection of fluid, the normal response is a
rise in ICP of less than 2 mmHg. It is considered low compliance when the increase is greater
than 2 mmHg. With the removal of 1 ml fluid, a reduction in ICP should occur under normal
compliance. The PVI test measures the amount of injected fluid to produce a 10mmHg increase
in the patient’s ICP. The normal amount of fluid is 25 ml in an adult patient. If the amount of
fluid is less than 10 ml, the patient is said to have slit ventricles and associated low compliance.
These invasive techniques to determine compliance have serious potential side effects, such as
infection, elevated ICP and tissue herniation. Further, they only demonstrate the state of
compliance during the time of testing.
However, these clinical symptoms may be delayed, as there is inconsistency in evaluating
cerebrospinal compliance. A large increase in ICP indicates low compliance and may cause rapid
neurologic deterioration. Unfortunately, rapid neurologic deterioration is often irreversible. It
would be ideal to identify patients’ poor cerebral compliance before any significant damage
occurs (Germon et al. 1988).
The pressure-volume relationship is defined by the formula below:

P = PyefoV (3:2)
Taking log on both sides, we have

logP = E,V + logP, (3.3)
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Given two different pressure levels, P1 and P2, with corresponding volumes Vi and V>,

EOV2 - EOV1 == logi_i (34)

Denote AV =V, — Vi, equation (3.4) becomes

E,AV = log% (3.5)
1

In equation (3.5), P1 and P> represent two different pressure levels, not relating to the peaks of in
one ICP cardiac cycle.

Anthony et al. (Anthony et al. 1977) showed that the AV-logP curve can be approximated by a
straight line. The slope of the linear volume-log pressure plot is defined as the pressure-volume
index (PVI). In equation (3.6), when the volume is injected into the CSF space, pressure is raised

from the initial pressure level, Py, to the peak pressure Pp.

AV

PVI = 2 (3.6)
logP—0
With the computation of the PVI, compliance can be evaluated by equation (3.7).
0.4343 PVI
C = B — (3.7)

From this transformation, it was found that the compliance of the cranial vault is inversely
related to the CSF pressure (P) at which it is evaluated, and that the degree to which it is
inversely related is proportional to the PVI (Marmarou et al. 1975).

We can use this equation to estimate the compliance if we don’t have any accurate way to

measure the compliance. However, the accuracy of this method needs more investigation.



37

3.3.1 Compliance measurement using the smart shunt

As we can see above, measuring the brain compliance of a real patient is still a challenging task.
Many invasive techniques can provide direct access to the brain, but they would carry significant
risks and are not practical for routine clinical use.

For the smart shunt described in Chapter 2, a ventricular catheter is used to drain the excessive
cerebrospinal fluid out of the ventricle. If a flow gauge is available to measure the volume of the
CSF fluid discharged by the smart shunt during an episode of high ICP value that triggers the
control algorithm to turn on the valve, then together with the difference of the ICP values
measured (by the sensor) before the valve is turned on and after the valve is turned off, the
compliance value would be evaluated directly using equation (3.1).

Unfortunately, in the current version of prototype, a flow gauge is not included in the smart shunt
assembly. We may measure the volume of the CSF fluid discharged during the installation of
smart shunt. If not, we must resort to indirect method to estimate the cerebral compliance using

only the ICP measurements.

3.4 ICP simulation platform

Brain compliance model has been applied to characterize the relation between ICP waveform,
behavior of the cerebrospinal system, and brain compliance. Previous modeling work illustrates
the complex interdependence of the various components which control the CSF system (Agarwal
et al. 1969). It provides a system analysis approach in developing a mathematical model of the
CSF system and based on this model to study the mechanisms about pathophysiological
parameters. The electrical capacitors and resistances express the compliances and flow

resistances of the systems. Intracranial pressure dynamics were simulated based on differential
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equations. Models were developed that focus on anatomical features of the cerebrospinal system.
Takemae et al. 1987 focused on the pressure increment. Rekate et al. 1988 developed a
mathematical model to simulate CSF flow, and CSF production and absorption. A
comprehensive whole-body mathematical model (Lakin et al. 2003) was proposed for
intracranial pressure dynamics. This model was far more complex than previous work, and
calibration of the numerous model parameters based on experimental data introduces significant
overhead into the use of this model for simulations. In 2008, a model (Steven et al. 2008)
elucidating many features of intracranial hypertension was presented. The solution of the derived
differential equations is then used to predict CSF pressure. However, the complexity of these
models is clinically unproven, and the math is too intense for a microcontroller within a smart
shunt to be able to calculate.

A mechanical ICP simulation platform has been developed by WHP in the department of
Neurological Surgery at UW-Madison. As shown in Fig. 3.3 and Fig. 3.4, on this platform, a
rigid chamber is used to emulate the skull. Inside this rigid chamber is a latex balloon. A second
compliance chamber connects to the skull chamber via a tube to the left and a pressure head
chamber connects to the right side of the skull chamber via another tube. The base brain
compliance level is set by the syringe air compliance chamber on the top. At the bottom, a pulse
generator implemented with a diaphragm pump connects to the inside of the balloon. Water,
emulating the CSF, fills the space inside the skull and outside the balloon, as well as the spinal
cord chamber and the pressure head chamber. A picture of the physical realization of the ICP
simulation platform is shown in Fig. 3.4.

The pressure head chamber allows the setting of the ICP base pressure. The spinal cord chamber

emulates the overflow space of CSF during a ventricular pulse. During a cardiac pulse, fluid is
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pumped into the balloon from the pulse generator inflating the volume of the balloon. Since the
volume inside the skull is fixed, the excessive CSF inside the skull then will overflow into the
spinal cord chamber. The rate and amount of such an overflow depends on the base ICP pressure
set by the pressure head chamber, the rate of cardiac heart beats set using the pulse generator, as
well as the brain compliance emulated by the volume set inside the air compliance syringe.
At each experiment, a fixed volume inside the syringe is set. The air pressure p and the air
volume V inside the syringe can be described by the ideal gas law,

pV = constant,

Where the constant is a function of temperature. Taking the derivative on both sides, one has

_ — awv_ Vv
d(pV) =Vdp + pdV =0, or e

Referring to equation 3.1, the compliance of the brain is emulated by setting the syringe volume
J"and ICP base pressure p. In the experiments, a simulated patient is designated as a virtual

subject that has a specific value of V.
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Figure 3.3: Schematic of ICP simulation platform.
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Figure 3.4: ICP simulation platform.

3.5 Experiments settings

Referring to Fig. 3.3, an experiment is performed by setting the air compliance syringe to a
specific volume, the ICP pressure head to exert a specific ICP base pressure, and the pulse
generator to deliver a sequence pressure pulses periodically at a specific pulsation rate for over 1
minute. This yields a sequence of periodic ICP waveforms recorded by the TracerDaq data

logger.

Different combinations of the three factors described above, namely, the air compliance syringe
volume, the ICP base pressure, and the cardiac heart rate are chosen to perform various

experiments. Specifically,
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e 18 different syringe air compliance volumes ranging from 10 ml to 180 ml in increment
of 10 ml are chosen. Each of these 18 volumes is designed as a virtual patient. Hence,
each patient has a specific value of ¥, and may have different compliance values
depending on the value of p and other factors.

e 7 Base ICP pressures ranging from 5 to 35 cmH>O in increment of 5 cmH>O are used.

e 8 Pulsation rates (simulated pulse rate) ranging from 50 to ~120 beats per minute in

increment of 100ms of one heartbeat cycle are used.

Each simulated patient would have one specific brain condition. We simulated different patient
conditions based on base pressures and pulsation rate. Since not all combinations of these
conditions are practical, in total we conducted experiments with ~56 combinations of these two
parameters for each of the 18 simulated patients. For each measurement, I measured the volume
of the fluid out of the catheter. With the pressure difference between the base pressure and peak
pressure, we can calculate the detailed compliance value using equation (3.7). Besides, I
performed the simulation for 4 patients gradually adjusting base pressure in one measurement to
capture the subtle change between P1 and P>. More details for total 22 patients are included in the

appendix.

Since continuous measurement prevents manual compliance assessment, we opted to use

estimated compliance based on equation (3.7) for these four patients. Prior to each measurement,
we injected 5 ml of fluid into the rigid chamber. The pressures before and after the injection were
measured. Using equation (3.6), we obtained the pressure-volume index, which was then applied

in equation (3.7) to determine the compliance.
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For the first 18 patients, based on each set of parameters (compliance, base pressure and
pulsation rate), the simulation platform will generate simulated cardiac pulses for 1 min and the
corresponding ICP waveform will be recorded in real time using TracerDaq (Figure 3.6). In total,

there are 1008 records of ICP waveform for further analysis.
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Figure 3.5: ICP monitoring software interface developed by Prof. Luzzio.
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Figure 3.6: TracerDAQ software interface to monitor and capture the pressures from our ICP
simulation platform.

3.6 Simulation results

Since the generated ICP waveforms are periodic, it can be characterized by the waveform over
one cardiac cycle. In all, 1008 sets of ICP waveforms corresponding to 18 simulated patients and
~800 ICP waveforms corresponding to 4 simulated patients.

Four simulated ICP waveforms from different patients are illustrated in Figure 3.7. These
waveforms are taken from four patient with the same base pressure (15mmHg) and pulsation rate
(~60 bests per minute). These patients have different brain conditions. Patient A, B, C, D’s brain
conditions are 10 ml, 60 ml, 120 ml, 180 ml respectively. We observed that the morphologies of
these ICP waveforms are quite different. Specifically, as the compliance level decreases, the

peak P2 becomes more prominent, and its magnitude gradually increases and exceeds that of P1.
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Figure 3.7: Simulated ICP waveforms of different patients at same base pressure and pulsation
rate.

In Figure 3.8, the ICP waveforms from one patient with base pressure increasing from 15 cmH>O
to 35 cmH,O are plotted. With base pressure increasing, the brain compliance keeps decreasing.

As the compliance decreasing, the corresponding p2/p1 ratios increase.
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Figure 3.8: Simulated ICP waveforms of one patient under increasing base pressures.

In Figure 3.9, the impacts of increasing heartbeat rate on the ICP waveforms are illustrated. In

this figure, the heartbeat rates vary from 45 to 118 bpm. While the ICP morphologies also

moderately change with different heartbeat rates, there does not seem to be a clear trend in terms

of the relative peak values of P1 and P2 (Figure 3.10).
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Figure 3.10: A scatter plot of P2/P1 ratio versus heartbeat rate
For these ICP waveforms, we can see distinguishable P1 and P2 peaks without any issue.
However, for some cases, we observed that P1 and P2 are not clear so ICP waveforms would be

excluded.

3.7 ICP-based compliance estimation

An embedded ICP sensor provides frequent reading of a patient’s ICP waveform overtime. In
this section, we discuss new methods that promise indirect estimation of the patient’s brain

compliance based on features extracted from the ICP waveform over a cardiac cycle.

3.7.1 Compliance estimation based on P2/P1 ratio

From the experiment results reported in section 3.6, it is observed that the relative magnitudes of
the P1 and P2 peaks of the ICP waveform are correlated to the corresponding compliance values.
To be more exact, the P2/P1 ratio seems to be correlated to the compliance levels, which also
comply with current clinical observations. For the first 18 simulated patients, under the same

pulsation frequency, there are only 5-7 samples with difference base pressure. These samples are
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too sparse for analysis based on P2/P1 ratio. Besides some of these ICP waveforms, P1 and P2
are not clear. Thus, we only included patients from #19 to #22 into this analysis.

In Figure 3.11, a scatter plot shows 269 compliance values and corresponding P2/P1 ratios
measured from the ICP waveforms recorded in the experiments are plotted as orange dots.
Distorted ICP waveform or unidentifiable P1 and P2 were excluded from this analysis. We fit

these orange-colored dots to an exponential model:

) (-b+t2)
C(Compliance) =axe  P1

(3.8)
In equation (3.8), P; is the pressure of Peak 1 and P; is the pressure of Peak 2, a and b
respectively are the parameters for the exponential fit. We will discuss the advantages of this
exponential curve fitting function in the section on sensor drift. To estimate the coefficients a
and b, one applies logarithm on both sides of equation (3.8):

i)

Log(C) = Log(a) — b2

Py
Linear regression estimates the value of Log(a) and b by performing a linear least square fit of
Log(C) against P»/P1. We partition the data points in Figure 3.11 into a training set and a testing
set. The linear least square fitting results are evaluated based on R-square values. The R-squared
value for the model is R2 = 0.86.
Substituting these estimated parameters into equation (3.8), patient #22 has

P2
—3.3%5=
( Pl)

C=266x*e
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Figure 3.11: A scatter plot of the compliance versus P2/P1 ratio using experiment measurements
(orange dots) and the exponential curve (blue line) obtained by fitting these data points.

Patient # a b R-squared
19 4.510 -2.622 0.835
20 1.700 -2.053 0.876
21 158.207 -6.131 0.845
22 2.660 -3.297 0.860

Table 3.1: Exponential models of 4 patients.
In Table 3.1, 4 exponential models are developed from the ICP readings of 4 simulated patients

to predict the compliance values using the P2/P1 ratio. Other patients fitting results are included
in the appendix.

3.7.2 Compliance estimation based on area under curve in a cardiac cycle

As reported in the experimental results, we found some patients having poor P1 and P2 waves.
We also found the same case in clinic monitoring (Figure 3.12). In this circumstance, the P2/P1
ratio does not work well. So, we evaluated the area under the curve method as another solution to

estimate intracranial compliance.
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Figure 3.12: One clinical hydrocephalus patient’s ICP waveform.
To evaluate the relationship between compliance and area under curve & ICP baseline pressure,
we can apply the multiple linear regression model:

C (Compliance) = a+ b * AUC + ¢ * ICPyguse 3.9
We do the curve fitting using linear regression for all the patients. Using our measured data, the
curve fitting results are significantly correlative. We can see from Figure 3.13; the fitting result
yields an R-squared of 0.999. However, for each patient, we have a very limited number of

samples. We can optimize this model to estimate one patient’s compliance as a function of their

ICP.
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Patient # a b C R-squared
1 0.29346 -0.01110 -0.00118 0.999
2 0.29358 -0.01095 -0.00109 0.996
3 0.38654 -0.02357 0.00037 0.992
4 0.34509 -0.01730 -0.00044 0.995
5 0.37412 -0.02124 0.00011 1.000
6 0.33495 -0.01422 -0.00115 1.000
7 0.40903 -0.02757 0.00103 0.990
8 0.25257 -0.01046 0.00032 0.979
9 0.22519 -0.00752 -0.00026 0.973
10 0.26103 -0.01055 -0.00010 0.988
11 0.26099 -0.01054 -0.00014 0.973
12 0.28712 -0.01300 0.00005 0.988
13 0.27424 -0.01102 -0.00042 0.989
14 0.27699 -0.01268 0.00053 0.993
15 0.59906 -0.04553 0.00554 0.988
16 0.23153 -0.00773 -0.00048 0.983
17 0.29886 -0.01489 0.00051 0.988
18 0.37284 -0.02438 0.00209 0.991

Table 3.2: Multiple linear regression models of 18 patients.

3.7.3 Optimized compliance estimation based on area under curve
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In Table 3.2, 18 linear models are developed from the ICP readings of 18 simulated patients to
predict the compliance values using the AUC (area under curve) and the ICP baseline pressure.
While the models are different for different patients, they seem to be correlated with each other.
We may treat the coefficients (a, b, ¢) in each row in Table 3.2 as a 3D point, then as shown in
Figure 3.14, viewing from a specific viewpoint, one may see that these points roughly form a
straight line in the 3D parameter space. This observation implies that although different patients
may have different models, these models may be correlated. In this subsection, we explore this

correlation relation and its implications on compliance value monitoring.

-0.05 0.2

Figure 3.14: The coefficients of the 18 models shown in Table 3.2 approximately form a straight
line in the coefficient space (a, b, c).

The correlations among the model coefficients of the 18 patients in Figure 3.14 allows one to
derive a more efficient representation of such a model. Instead of 18 sets of distinct parameter
vectors (a, b, ¢) for 18 patients, we can derive a formula such that the models of different
patients would be characterized by a single parameter. Note that in Figure 3.14, if the underlying

straight line is known, these patients’ models would differ only by their corresponding
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coordinates on this line. For all the points (model parameters) corresponding to 18 different
patients to lie on a straight line, a matrix whose rows containing model coefficients of individual
patient must have a rank equal to 1. Let X be an 18 by 3 matrix formed by entries under the a, b,
and ¢ headings in Table 3.2. First, we compute an averaged model by taking the average of each
column of the matrix X:
a = 0.3210,b = —0.0163,¢ = 0.003
Then we subtract these averaged model coefficients from each row of the X matrix and denote
the result by X = X — 1-[@ b ¢] where 1 is an 18 by 1 column vector with each element equals
to 1. Next, we perform singular value deposition on the X matrix and denote o to be the largest
singular value, and ui, vi respectively to be the left and right singular vector associated with o1.
Both uy, and v are uni-norm vectors such that ulu; = 1 and v} v; = 1. Then, one may
approximate the X matrix by a rank-1 matrix X ~ o;u;v!. As such
X=X+1[abe¢| =~ qquvl+ 1-[ab ] (3.10)
Equation (3.10) provides a more efficient way of representing the 18 model parameters (a, b, ¢)
listed in Table 3.2. Denote a(n), b(n), and c(n) to be the model parameters for the n” patient, we
have
[a(n) b(n) c(W)] = wy(n) -0y [vy v, vs]+[a b ¢ (3.11)
Note that in equation (3.11), only one parameter u1(n) on the right-hand side is dependent on the
patient id n. Referring to Figure 3.14, equation (3.11) may be interpreted as this: The averaged
parameter vector [d b E] is a reference point on the straight line, and
v! = [v; v, v3] =[0.9945 —0.1041 0.0140]
is a 3D unit-vector pointing the orientation of this straight line. u, (n) - g; is the relative distance

from the reference point on the line to the #n” patient’s model parameters. For the 18 patients, o1
p p p p



54

=0.3653, and to be exact, we have {ui(n)- o1, 1 <n<18}:[-0.0279 -0.0278 0.0660 0.0241
0.0534 0.0137 0.0888 -0.0686 -0.0962 -0.0602 -0.0602 -0.0340 -0.0470 -0.0441
0.2797 -0.0898 -0.0221 0.0525].
Using equation (3.11), we may deduce the approximated model parameters. Let us use patient #1
as an example. From Table 3.2,
[a(1) b(1) c(1)] =[0.2935 —0.111 — 0.0019]
Using the right-hand side of equation (3.11), we have
u (1) oy [vy v, v3]+[ab ¢

= —0.0279-[0.9945 — 0.1041 0.0140] + [0.3210 — 0.0163 0.003]

=1[0.2932 —0.0134 0.0026] = [a(1) b(1) é(1)]
If there is a new patient, not any of the 18 patients, one may use an approximate compliance
estimate as: Compliance = a+ b * AUC + ¢ * ICPy 4,

Compliance = @+ b * AUC + ¢ * ICPy 4, (3.12)

= (0.9945 * a + 0.3210) + (—0.1041 * a — 0.0163) * AUC

+ (0.014 * @ — 0.003) * ICPy 4,

Here « is the relative distance for this new patient. Suppose that one measurement of compliance
value and corresponding AUC, ICPps. are available, then one may substitute these measurements

into equation (3.12) to estimate the o value as

1
AUC
~ ICPpgse
@ = . (3.13)

[vi vz w3]| AUC
ICPpgse

Compliance—[g@a b ¢l
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For example, initially, during the implanting of the embedded ICP sensor, the patient’s
compliance value may be measured. Then, by substituting the estimated « value into equation
(3.12), the compliance can be estimated given the measured AUC and ICPpase.

3.7.4 Apply compliance estimation model to real patients

In subsection 3.7.3, we derived a brain compliance prediction formula using the ICP
measurement and compliance values obtained from 18 simulated patients on the ICP simulation
platform. By exploiting the similarity of the empirically derived models among different patients,
the resulting formula equation (3.12) requires the estimation of a single parameter relative
distance a. To estimate the value of ¢, at least one compliance value measurement is required.
However, direct measurements of brain compliance require invasive procedures to be performed
which is clinically not feasible.

However, if we assume the parameter « remains unchanged over time, equation (3.12) may be

used to gauge the trend of a real patient’s compliance over time. Denote subscripts 1 and 2 to be
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two time instants when the compliance values of the same patient are to be compared. From

equation (3.12), we may compute the difference of the compliance values as

ACompliance = Compliance, - Compliance, (3.14)
=(@+ b*AUC, + € * ICPyyse,) — (@ + b * AUC; + € % ICPygge1)
= b * (AUC, — AUC,) + ¢ * (ICPpgses — ICPyqser)
= b * AAUC + ¢ % AICPyyq,
= (—0.1041 * a — 0.0163) * AAUC + (0.014 * a — 0.003)
* AICPygge
= (—0.1041 = AAUC + 0.014 * AICPy4s.) * a + (—0.0163 * AAUC
—0.003 * AICPy4se)
For example, for two measurements at different time instants for patient #4:

Baseline pressure (mmHg) Area under curve Compliance (ml/mmHg)

1 15.076 8.405 0.191

2 28.101 10.071 0.159

Table 3.3: Two measurements from one of the 18 patients’ data.

From equation (3.14) with Table 3.3, we can get

ACompliance

= Compliance, - Compliance; = (c’i + bxAUC, + ¢ * ICPbase’z) —

(@+ b*xAUC, + ¢ % ICPyase1) = b x (AUC, — AUCy) + € * (ICPpgsez — ICPyaser) = b x

AAUC + ¢ * AICPy45, = (—0.1041 * a — 0.0163) * AAUC + (0.014 * a — 0.003) *

AICPy,e, = (—0.1041 % AAUC + 0.014 * AICP,,,) * a + (—0.0163 x AAUC — 0.003 *

AICPy,,) = 0.00891 * a — 0.066

Even though we don’t have mature clinic ways to measure compliance so far. However, with our

smart shunt, it can drain the fluid out of brain. Based on the volume out of the ventricular
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catheters and the ICP pressure change measured by our smart shunt before and after drainage as
we described in section 3.3.1, we can get the compliance. With this, we can get the a value.
In this manner, we can assess the trend of compliance changes and determine if a patient is

experiencing low compliance, potentially requiring emergency intervention.
3.7.5 Potential benefit using P2/P1 ratio for compliance estimation

Capacitive pressure sensors are employed for monitoring ICP pressure and detecting intracranial
hypertension. However, due to their flexible polyimide substrates, capacitance value drift can be
a drawback during cyclic measurements. Our pressure sensor is based on MEMS capacitive
technology, which offers ultra-low noise and minimal power consumption. Capacitive sensors
consist of two parallel, electrically isolated conductive plates (Figure 3.15). The bottom plate
remains fixed, while the top plate is sensitive to pressure changes. When pressure is applied, the
membrane bends, generating a capacitance difference A. This change in capacitance is then

converted into an electrical signal that can be read by a microcontroller.

e T oe—
s —

e
g

Figure 3.15: Structure of a capacitive sensor.
The capacitance I, measured in Farads (F) of a simple planar capacitor is given by equation
(3.15):

C= 2 bW (3.15)

Where:
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Width of conductor plate (w) (mm)

Depth of conductor plate (b) (mm)

Area of the plates (A) (mm2)

Displacement between parallel plates (d) (mm)
Permittivity of dielectric(e) (Fm)

Permittivity of free space (eo) (8.85%10°12 Fm™)

Relative permittivity (e)

When considering the sensor accuracy and long-term drift, it would drift gradually. For the state
of art pressure sensor, the drift can be +40 Pa/year, which is £0.3mmHg. There are two types of

drifting: zero drift and span drift, Figure 3.16.

Zero Drift Span Drift
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Figure 3.16: Two types of sensors drifting over long-term use.

After the long-term use, the drifted pressure would be

Pdrifted = Paccurate * (1 + ratiodrifted) + Pdrifted baseline (316)
As we can see from the following Table 3.4, when we use first model to estimate the brain

compliance based on the P2/P1 ratio, it is immune to the effect of sensor drift. One thing noted
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here is when we calculate the P2/P1 ratio, we would subtract the baseline pressure for both. We

can still get accurate brain compliance after long term use.

No sensor drifting Sensor drifting
Average ICP pressure Prean Brean * (1 +1atio) + Parifrea paseline
Pl Py Py x (1 +ratio) + Pariftea basetine
p2 P, P, x (1 + ratio) + Puriftea paseline
P2 /Pl (P2 = Prean)/(Py = Bnean) (P; = Pyean)/(P1 = Pean)

Table 3.4: P2/P1 ratio comparison before and after sensor drift.
When we use second model to estimate the brain compliance, we would get equation (3.17).
Compliance = a + b * AUC(l + ratiodrifted) + ¢ * (ICPpgse + Pyriftea pasetine) (3:17)

We can compare these two results and see the sensor itself is drifted or not in the long term.
3.8 Conclusion

This study is the first to continuously measure brain compliance using our ICP simulation
platform. Leveraging the platform, I proposed two distinct models for estimating patient
compliance: one based on the P2/P1 ratio and the other on the area under the curve and baseline
pressure. For ICP waveforms with identifiable P1, P2, and P3 peaks, we prefer the P2/P1 ratio-
based compliance estimation method, as it can mitigate the impact of sensor drift over time. For
ICP waveforms without discernible P1, P2, P3 peaks, a multilinear regression model based on
baseline ICP and area under the curve (AUC) can be employed to estimate compliance for each
patient. Experimental results indicate that although different patients may have distinct models,
there may be correlations between these models. This insight allows us to investigate these
correlations and their implications for compliance value monitoring.

To further optimize this approach, we can analyze all patients' ICP waveform information and

extract essential features through singular value decomposition. These methods, based on in vitro
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studies, demonstrate significant potential in assisting doctors in quantifying compliance through

ICP devices.
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3.10 Appendix

Experiment #

Brain condition(ml)

Base pressure

Pulsation frequency

(mmH>0) (beats per minute)
1 (Dec 10, 2021) 60 23.6,29, 30 60
2 (Feb 12, 2022) 180 20 60
3 (Feb 18, 2022) 10, 60, 120, 180 20 60
4 (Mar 18,2022) | 10, 60, 120, 180, 240 | 1% 1> 2%5’ 30,35, 60
5 (Mar 23, 2022) 10, 60, 120, 180 15, 20, 25, 30 60

6 (May 3, 2022)

10, 60, 120, 180

20, 25, 30, 35, 40

10, 30, 60, 90, 120

7 (May 7, 2022)

10, 15, 20, 25, 30, 35

15, 20, 25, 30, 35, 40

45, 49, 53, 60, 65, 73,

84,98, 118
8 (May 22, 2022) 20, 40, 60, 70 15-40(Continuously) 60
9 (May 26, 2022) 10 15-40(Continuously) 60

15, 20, 25, 30, 35, 40, | 45, 49, 53, 60, 65, 73,
10 (Sep 28, 2022) | 10,20, 30, 40,50, 60 | 'y 5 1) continuously) 84,98, 118

Table 3.5: Experimental protocol when conducting experiments. The 18 patients are from
experiment #10. The following 4 patients are from experiment #8.
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Figure 3.19: A scatter plot of the compliance versus P2/P1 ratio using experiment measurements
(orange dots) and the exponential curve (blue line) obtained by fitting these data points.(Patient
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Chapter 4: Summary

This dissertation presents two main aspects of my work: 1) the development of a smart shunt
device, and 2) brain compliance estimation based on ICP waveform information. For the smart
shunt, I designed and constructed a demonstration prototype, which includes a sensor reader
circuit, valve driver circuit, and control circuit. Our smart shunt can read ICP pressure from our
custom ICP pressure sensor and generate high voltages (=100V) to open or close our piezo-
actuated shunt valve. With a novel control algorithm, the smart shunt can open the valve when
the average ICP value exceeds the upper threshold and instantly close the valve when the ICP
instant value falls below the lower threshold, preventing over-drainage. Due to its low power
consumption, our device can operate continuously for over 2.6 days when fully charged.
Additionally, I developed a brain compliance simulation platform to model ICP waveforms,
simulating over 18 patients' ICP waveform data for brain compliance analysis. Based on the
measurement results, I proposed two methods for estimating brain compliance: through the
P2/P1 ratio or the combination of the area under the curve and baseline pressure. We also
observed that although different patients have distinct models, these models can be correlated,
allowing us to explore this relationship and its implications on compliance value monitoring. The
full prototype of the implantable smart shunt, comprising a pressure sensor to monitor
intracranial pressure and an algorithm-controlled valve, has been successfully designed and
implemented.

Future work can involve further refining the brain compliance simulation platform to simulate

brain behavior under a wider range of conditions and evaluate the accuracy of compliance
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estimation. By enhancing the brain compliance simulation platform, we can develop a deeper
understanding of the interplay between mechanical forces exerted on the brain and its subsequent
reactions, which can assist in the advancement of novel medical treatments and devices. As
discussed in Chapter 3, CSF flow is a crucial factor for our shunt as it pertains to the volume of
CSF exiting the ventricle. Presently, no clinical methods exist for in situ or in vivo measurement
of CSF flow. We could work on developing an implantable CSF-flow sensor capable of
providing reliable flow recordings, such as the implantable blood-flow sensor (Vennemann et al.

in 2020).
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