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This work presents a wireless and battery-less clog detection and flow measurement system for
hydrocephalus shunts. Hydrocephalus is a condition where excess of cerebrospinal fluid (CSF)
is accumulated in the brain. This is treated by diverting excess of CSF using an implanted shunt
to another part of the body. The shunt catheter has an inside diameter of 1 mm and a thickness of
0.5 mm.

At present, the failure rate of shunts is more than 50% in the first two years after implant. This
work presents a prototype system that will detect the location of clog in the shunt, thus
increasing the reliability and diagnosability of the current system. The system also monitors the
CSF flow rate through the shunt. This information can be used to adjust the programmable valve
in the shunts to optimize the flow rate after shunt placement. Additionally, the system can
measure other parameters like Intracranial Pressure (ICP), Intra-abdominal Pressure (IAP), and

the pressure inside other locations in the shunt such as valve opening pressure. Monitoring the

vil



above parameters will help to better understand the shunt hydrokinetics and design better shunts
in future.

The proposed system uses multiple pressure sensors inside the shunt catheters for sensing the
location of clog. The pressure differences between two sensors are used to calculate the flow of
CSF in the shunt. With the data reported by the sensors, Bernoulli’s equation and principle of
fluid mechanics are used to reliably calculate the CSF flow rate. For better form factor and
reliability, a system powered from outside of skin is proposed. The implanted sensor system
harvests power from the RFID reader device placed outside the body and transmits the sensor
data back to the RFID reader Our platform displays the location of clog and the rate of flow
through a customized graphical user interface in a PC. Based on our experimental data, the
accuracy of the clog detection is 100% for full occlusion. The flow measurement is 90% accurate

when compared with the ground truth flow measured by a flow meter.
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CHAPTER 1

INTRODUCTION

1.1 Hydrocephalus

Hydrocephalus is a medical condition which causes excessive accumulation of
cerebrospinal fluid (CSF) in the brain. The excessive accumulation of CSF can cause abnormal
widening of spaces (ventricles) in the brain. The widening of ventricles generates a potentially

harmful pressure on the tissues of the brain [1], [2].

CSF is the fluid that surrounds the brain and spinal cord. CSF is a clear and colorless fluid
which contains small quantities of glucose and protein. Ependyma, an epithelial membrane in
the central nervous system (CNS) is involved in the production of CSF. The viscosity and
density of CSF is very similar to water. CSF is a Newtonian fluid with viscosity range between
0.7 mPa.s - 1 mPa.s at 37° C [42]. The specific gravity of CSF in normal human being at 37° C is
between 1.0063-1.0075 [43]. It is believed that about 500 ml of CSF is produced at the rate of
0.3 - 0.5 ml/min[3]. The amount of CSF present in brain at a given time is about 150 ml. The
ventricular system in the brain consists of four ventricles interconnected by narrow passages. In
normal condition CSF flows through the ventricles, exits into cisterns (closed spaces that serve
as reservoirs) at the base of the brain. After that CSF bathes the surfaces of the brain and spinal
cord, it is reabsorbed into the bloodstream. The main functions of CSF are to 1) act as a cushion

or shock absorber and to keep the brain tissue buoyant, 2) deliver nutrients to brain and removing



waste, and 3) compensate for changes in intracranial blood volume by flowing between cranium

and spine.

CSF is produced continuously in the brain; hence the balance between production and
absorption of CSF is critical in maintaining the pressure inside the brain. Any medical conditions
that block the normal flow or reabsorption of CSF will result in its over-accumulation. The

resulting increased pressure of the fluid against brain tissue is the cause of hydrocephalus.

There are different types of hydrocephalus based on various classifications. One type of
classification is congenital or acquired [4]. Congenital hydrocephalus is present in newborns and
is caused by genetic abnormalities or due to some events in the fetal development.
Hydrocephalus can be acquired at some point after birth. This type of hydrocephalus may be
caused by injury or disease. Another classification is communicating or non-communicating.
When CSF is blocked after it exits the ventricle, communicating hydrocephalus occurs. CSF can
still flow between the ventricles, which remain open. When the flow of CSF is blocked along one
or more of the narrow passages connecting the ventricles non-communicating hydrocephalus
occur. It is also called "obstructive" hydrocephalus. One of the most common causes of
hydrocephalus is from narrowing of the aqueduct of Sylvius, a small passage between the third
and fourth ventricles in the middle of the brain. Another form of hydrocephalus is the Normal
Pressure Hydrocephalus (NPH). NPH may result from a subarachnoid hemorrhage, head trauma,
infection, tumor, or complications of surgery that cause an abnormal increase of cerebrospinal

fluid in the brain's ventricles.



Symptoms of hydrocephalus depend on many factors. It varies depends on age, disease
progression and individual tolerance to the condition. As the ability to compensate for increased
pressure differs from infants to adults. Infant skull can expand to accommodate the buildup.

Older children and adults, skulls cannot expand to accommodate buildup of CSF.

In infancy, the most obvious symptom of hydrocephalus is often an unusually large head
size due to expansion of skull. Other symptoms [2] such vomiting, sleepiness, irritability,
downward deviation of the eyes (sun setting), and seizures may be also present. In older children
and adults symptoms such as headache followed by vomiting, nausea, blurred or double vision,
sun setting of the eyes, problems with balance, poor coordination, gait disturbance, urinary
incontinence, slowing or loss of developmental progress, lethargy, drowsiness, irritability, or
other changes in personality or cognition including memory loss may be present. Symptoms of
normal pressure hydrocephalus include problems with walking, impaired bladder control leading
to urinary frequency and/or incontinence, and progressive mental impairment and dementia. An
individual with this type of hydrocephalus may have a general slowing. Doctors may use a
variety of tests, including brain scans such as computed tomography (CT) and magnetic
resonance imaging (MRI), a spinal tap or lumbar catheter, intracranial pressure monitoring, and
neuropsychological tests, to help them accurately diagnose normal pressure hydrocephalus and

rule out any other conditions.



1.2 Diagnosis and Treatment

Hydrocephalus is diagnosed [2] using cranial imaging techniques such as ultrasonography,
CT, MRI, or pressure-monitoring techniques. A physician selects the appropriate diagnostic tool

based on an individual’s age and condition.

Hydrocephalus is most often treated by surgically inserting a shunt system which diverts
the excessive CSF from the brain to another part of the body like abdomen. A shunt is a flexible
but sturdy tube made with bio-compatible material. A shunt system consists of a proximal
catheter, a valve and a distal catheter. One end of the proximal catheter is placed within a
ventricle inside the brain and the farther end of the distal catheter is commonly placed within the
abdominal cavity where the CSF can drain and be absorbed. A valve connected between the
proximal and the distal catheter maintains unidirectional CSF flow and regulates the CSF flow

rate [62].

Figure 1.1 shows the surgical process for the shunt implant. A cut is made near the top of
the head and another near the belly. A small hole is drilled in the skull and the proximal catheter
(ventricular catheter) is placed into one of the ventricle. Distal catheter (peritoneal catheter) is
placed under the skin behind the ear to the peritoneal cavity. A valve that attaches both the
catheters is placed underneath the skin behind the ear. Figure 1.2 depicts the position of shunt
after the surgery. The extra tubing is placed inside the abdomen in order to account for child

growth.
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Figure 1.1. Surgical placement of shunt. (http://www.seattlechildrens.org/)

Figure 1.3 shows the shunt system components with a detailed diagram of the flow control
valve [5]. Figure 1.3(a) shows the different components in the shunt. Figure 1.3 (b) shows the
valve which allows CSF to drain from the brain to peritoneal cavity (one-way). Figure 1.3(c)
shows the detailed picture of the variable pressure valve which can be controlled using magnetic

tools.

Figure 1.4(a) shows a CT image of a brain with CSF build-up in the ventricles (dark area
in the middle) before shunt placement. When a shunt is implanted in a person with

hydrocephalus, CSF will be drained by the shunt, and the flow will be regulated so that a


http://www.seattlechildrens.org/

constant intracranial pressure (ICP) is maintained within the brain. Figure 1.4(b) shows a post-
operation CT image of the same patient's brain after shunt placement. The ventricles have
drained and have resumed their normal size. The white area in the middle of the image is the

catheter inside the ventricle.

proximal

Enlarged left ¥ catheter |
ventricle Entry into
G
Valve
Extra tubing in distal catheter
the pamtoneal Undemeath
cavity skin

Figure 1.2. The shunt catheter after the surgery (from [37])
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Figure 1.4. CT image of brain (a) before shunt placement (b) after shunt placement (from [29]).
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1.3 Shunt Complications

Shunt operation statistics as from the information found from Hydrocephalus Association
[4] says there are 40,000 shunt related operations are done in the US every year. That
corresponds to more than 100 every day. Shunt operations currently in US cost over 1 million a
year and 50% of shunted individuals require a revising operation within two years.  One
pediatric study found that the average shunt functions for approximately 5.5 years; some shunts
require revision much sooner, others later. For an infant under one year of age, the likelihood of
shunt revision during the first year is relatively high, approximately 40 percent. Shunt
complications may include mechanical failure, infections, obstructions, and the need to lengthen
or replace the catheter. Generally, shunt systems require monitoring and regular medical follow
up. When complications occur, the shunt system usually requires some type of revision.
About 45% of the shunt complication occurs due to obstruction in the shunt or shunt
malfunctioning [6]. From [7] the obstruction of flow of CSF is the most common mechanical

complication (64%) in shunt is at proximal catheter.

When types of shunt failures were looked over time, the early failures were due to the
proximal catheter obstructions and infections and the later stage complications are at the distal
catheter. Most of the shunt failures in the adult population occur as a result of occlusion in the
distal shunt catheter orifice. The distal catheter tip in the peritoneal cavity is at risk to blockage
by fat or proteinaceous debris. The distal catheter may also be stuck between bowel loops or
may lie within an intra-abdominal fluid pocket. These will increase outflow resistance of the

shunt that may result in slowed CSF flow or florid obstruction [13]. Over-draining or under-



draining are other complications that can occur in the shunt. Over-draining occurs when the
shunt allows CSF to drain from the ventricles faster than it is produced. Over-draining can cause
the ventricles to collapse, tearing blood vessels. Under-draining occurs when CSF is not removed
quickly enough and the symptoms of hydrocephalus recur. Over-drainage and under-drainage of
CSF are addressed by adjusting the drainage pressure of the shunt valve if the shunt has an

adjustable pressure valve.

At present there is no reliable method to identify the location of the shunt malfunctioning.
If there is a complication, the whole shunt needs to be replaced and this is a costly process. A
shunt itself costs more than $12,000. If the position of the blockage can be determined, then
only that specific part needs to be replaced reducing the complication of the surgery.
Determination of flow of CSF can give an indication of over-drainage or under-drainage in the
shunt, which can potentially cause other complications. A study to characterize admissions
related to ventricular shunts in the year 2000 in terms of diagnoses, procedures in [7], gave the
following results from 5574 admissions. The diagnoses treated for shunt malfunction was
40.7%. Age frequency of admissions was non parametric, being highest for infants; the average
stay was 8.4 + 0.2 days. The most common procedures were ventriculoperitoneal shunt
placement (43.4%) and ventricular shunt replacement (42.8%). Average cost was $35,816 +
$810. Primary payers primarily were private insurers (43.8%), Medicare (26.0%), and Medicaid

(24.5%).
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14 Prior Works

Over the last 4 decades due to the development in integrated circuit technology and MEMS
many medical devices have evolved. These technologies made the devices small and a
possibility of implanting more complex devices. Increase in healthcare costs along with longer
living population and injuries created a demand for these implanted devices which are wirelessly
connected to base stations. MEMS technology has proven to be very successful in reducing size
and power consumption as well as possibility of integrating with manufacturing processes used
in semiconductors. Miniaturization of sensors provides better integration as well as local
measurements. Nearby proximity of the sensor to the quantity measured is of great importance
as it provides more accurate measurements and is very important in medical systems. The form

factor of the device is much better when the device is battery-less.

1.4.1 Remote Powering and Data Transfer

Modern implementation of wireless power transfer involves two methods: Inductive and
radiative. Inductive system uses the principle of magnetic fields to transfer power, which is near
field with a range of a few centimeters. When current passes through a coil creates a magnetic
field around the coil. The increase in number of loops the coil increases the magnetic field
strength. If a second coil of wire is introduced near this magnetic field, a current is induced in
the second coil. This works like a transformer without a magnetic core which reduces the
efficiency of the power transfer. Devices such as Philips Sonicare [14] tooth brush in Figure
1.5(a) is charged successfully making use of the inductive coupling and thus avoiding the need of

routing physical wires. Also the regular electrical connectors can be avoided for charging. Water
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can seep in through the connector which can cause damage to the electronic components in the
charger. The primary and secondary windings are very close and hence these devices got very
high power transfer efficiency. In an electronics tooth brush, the base is connected to the wall
outlet which draws a current and it flows through the primary coil in the base producing the
magnetic field. If the tooth brush is placed in the base, it induces a current in the secondary coil
in the tooth brush, charging the battery. If the distance between primary and secondary coils
increases, this method is not efficient. The higher the distance of separation, there is a need for a
bigger primary coil with more number of turns. Magnetic field travels in all directions wasting a
lot of energy if the field generated by the primary coil is very high. In Figure 1.5(b) and 1.5(c),
RF energy harvesting boards from Cymbet and Powercast is shown. The Cymbet board makes
use of the RF inductive resonant coupling at 13.56 MHz to recharge a battery in the board. The

Powercast board uses RF radiative powering at 915 MHz to transfer power and data.

The clog detection and monitoring system must be implantable along with the shunt. This
requires very low power circuit design techniques and the electrical components to be as small as
possible. Systems with batteries tend to be bulky and they may cause complications in the
surgical procedure. Battery-less powering with on-demand data acquisition is the best approach
for these types of design requirements. Without battery, the implanted system has to harvest
energy from external sources needed for its operation. Typical energy harvesting sources in the
environment are vibration, heat, light, and radio waves. Depending on the operating condition of
the system, the available energy from the sources varies. The choice of the energy harvesting
source depends on the availability of the source. For example for an implantable system,

ambient light cannot be used for energy harvesting. Better choices for energy harvesting for an
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implanted systems are heat and radio waves. Another consideration is whether the source will be
able to provide sufficient energy for the proper functioning of the system. If the energy
harvesting system has low available energy per unit area, it will make the size of the implantable
system larger. For our application with the power requirements for the implant, RF resonant
powering is best suited. With better circuit components and by lowering the transmission energy

using smart protocols, other energy harvesting techniques may become viable in future.

POHBRCAST | POWERCAST | POHERCAST

(a) (c)

Figure 1.5. Inductive powering examples (a) Philips Sonicare tooth brush (from [38]), (b)
Cymbet RF induction charger (from [39]), (¢c) Powercast RF energy harvester (from [40])
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The clog detection and monitoring system must be implantable along with the shunt. This
requires very low power circuit design techniques and the electrical components to be as small as
possible. System with battery tends to be bulky and they may cause complications in the
surgical procedure. Battery-less powering with on-demand data acquisition is the best approach
for these types of design requirements. Without battery, the implanted system has to harvest
energy from external sources needed for its operation. Typical energy harvesting sources in the
environment are vibration, heat, light, and radio waves. Depending on the operating condition of
the system, the available energy from the sources varies. The choice of the energy harvesting
source depends on the availability of the source. For example for implantable system, ambient
light cannot be used for energy harvesting and better choices are heat and radio waves. Next
consideration is whether the source will be able to provide sufficient energy for the proper
functioning of the system. If the energy harvesting system has low available energy per unit
area, it will make the size of the implantable system larger. For our application with the power
requirements for the implant, RF resonant powering is best suited. With better circuit
components and by lowering the transmission energy using smart protocols, other energy

harvesting techniques may become viable in future.

Inductive-coupling based systems as such are not suitable for implantable devices because
of low power transfer efficiency and distance. To improve this, resonant inductive powering is
mostly used in implantable electronics which improves the power transfer efficiency and the
range of transmission. This is technique is used for power transfer but are not often used for data
transmission. The resonant inductive coupling like the regular inductive coupling uses two coils.

These coils are attached to capacitors and form an LC tank circuit which oscillates at resonant
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frequency. If the coils are out of range of each other no energy is transmitted. Also if the
resonant frequency of each coil is different no energy is transmitted. If the two coils have the
same resonant frequency and are within range of each other, energy is transmitted. Also a coil
can send electricity to several other coils as long as they are in range and resonate at the same
frequency. This type of energy transfer have stationary field around the coils and no field is
spread in all direction as in inductive coupling. This kind of energy transfer is called non-
radiative energy transfer and efficiency of power transfer is very high compared to inductive

power transfer.

In radiative systems the RF waves transfer energy from the primary coil to secondary coil.
They are used primarily for transfer of data in most of the present wireless systems available in
market. Energy transfer is not as efficient as the inductive coupling but range is more. Passive
RFID tags used for tracking purposes works on the radiative energy transfer principle. For
biomedical implant, an inductive link is preferred. The frequency of operation of these systems is
in kHz to low MHz range. Optimum frequency for implants is in the low MHz range [15]. High
frequencies used in the radiative methods cause more damage to tissues. These tags use
backscattering [16] to send data back to the RFID reader. Most of the tags use load modulation
for data backscattering. Load modulation is the process by which impedance seen at the reader
is modulated by switching off the load. This causes a change of reflected impedance at the

reader which is seen as a voltage change at the load switching frequency.

There are other works in the literature that explains about implantable sensors and wireless

powering/charging for different applications. In [17] the authors talk about a low-power low-
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voltage current readout circuit for inductively powered implant system. The system can detect
current in the range of 0.2 nA to 2 pA and generate a waveform whose frequency is proportional
to current. They also mention two versions of the circuit in which one uses amplitude-shift-
keying (ASK) chip to generate a wave with frequency between 76-500 Hz. The second circuit
uses frequency-shift-keying (FSK) signal that generates data between frequencies 1-9 kHz. The

FSK based circuit consumes 4 times more power compared to the ASK based circuit.

In [18] Ginggen et al. describes an implantable pressure sensor for long-term monitoring of
intracranial pressure. The system uses a capacitive pressure sensor which varies with the
pressure and converted into frequency modulated signal by an application specific integrated
circuit (ASIC). The sensor is powered wirelessly and can be interrogated wirelessly to obtain the
sensor information. The paper also proposes about a novel packaging required for implantable
electronics. The sensors and electronics circuits are hermetically packaged in a borosilicate glass
chamber where the sensors are exposed to the pressure through a hole in the glass. Most of the
MEMS based sensors in the literature are usually packaged by an oxide or nitride layer with a

silicone layer on top.

Another inductive link-based wireless power transfer system is presented in [19]. This
system consists of an inductive power transfer unit and a backward data transmission unit which
uses FSK modulation. Inductive link in the system transmits 125 mW of power with 12.5% link
transmission efficiency which is useful in powering most of the implantable units. Another low
power integrated pressure sensor system is presented in [20]. Absolute capacitive MEMS based

pressure sensor fabrication and system integration is explained in the paper. Another inductive-
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link based power and data transfer is mentioned in [21] in which data to the implanted unit is
done using amplitude modulation and the communication to the external reader is done using

absorption modulation.

There are other works that shows implanted circuit with charging circuits. In one of the
relevant works in [22], the authors talk about a mixed signal system for inductive transfer of
power and data to an implantable device with the option of charging a battery. The system
includes and Li-Ion battery to provide constant power supply for autonomous deployment. The
ASIC for the system is designed in 0.35 pm CMOS technology. In another relevant work in [23]
authors talk about a wireless chronic bladder pressure sensing device. The implanted system uses
two different channels for power and data transfer needing two antennas. A piezoresistive
absolute pressure sensor was used for the system which uses a novel offset cancellation
techniques are used for maximizing the sensing range of the ADC. The proposed system that we
designed face similar challenges the pressure sensors in the implantable system needs to be
absolute pressure sensor and there is always the effect of atmospheric pressure in the
measurement. This limits the amount of amplification that can be provided to the sensor signals.
The atmospheric pressure measured by the sensor is redundant information which does not
needed to be amplified. A similar approach can be used in our system for cancelling out the

atmospheric pressure before amplification.

1.4.2 Miniaturization of Sensors

The other line of work that is important for the proposed design is the miniaturization of

the sensors and incorporates these sensors in a catheter. These concerns are not addressed in the
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present work. Some good papers in this field are [24], [25], [26]. In [24] the authors describe a
flexible polymer tube integrated with different types of MEMS sensors. Sensors for measuring
temperature, flow, glucose concentration are mounted on a flexible planar structure made into a
spiral structure as shown in Figure 1.6. The sensors are fabricated with Kapton film as substrate
which allows biocompatibility, flexibility and mechanical robustness. A similar approach can be

employed for placing the sensors inside the shunt catheters.

In [25] a micromachined differential pressure sensor is explained. There are two separate
pressure sensors in the device which can measure pressure and volume flow-rate. The
fabrication process used here are silicon and glass processing techniques. These sensors can be
used for low cost low power consuming applications but for accurate for flow measurement,
additional temperature compensation is required. In [26] a review of development of the

micromachined flow over the years is presented.

1.4.3 Research for Smarter Shunt Devices

Shunts were used for the treatment of Hydrocephalus for the last 60 years. There were many
advances made in the treatment of Hydrocephalus during this time period. With the significant
advances in technology, the treatment of hydrocephalus using shunt has a high failure rate. The
complications and the failure of the shunt from these complications are unacceptable. The major
advances in the shunting over this period of time are the introduction of antisiphoning devices
and programmable valves. These technologies have not lived up to the promise and the failure
rate of the shunt remains about 40% within the first 1-2 years. As of the early 1980, the

discussion happening in the hydrocephalus community is about improved control of CSF
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diversion. The shunt complications mentioned in section 1.3 is not addressed in any of the new
generation devices. The currently available valves provide no information about ICP and no
other feedback about clog location or self-diagnostic capability. Patient symptoms and

interpretation from medical imaging are still used for shunt failure detection.
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Figure 1.6. Picture depicting the fabrication of the spiral tube with sensor. (from [24])

With major advances in technology over the last 50 years, Hydrocephalus shunts remain
relatively unchanged. Ventricular catheter is just designed as a tube with holes sizes arbitrarily
chosen as 500 microns as they were manufacturable at that size [32]. There are many varieties of

valves in the market with four major manufacturers controlling the market share. They are
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Medtronic, Codman, Aesculap, and Integra LifeSciences. Distal tubing is typically marketed as

an open silicone tube with 90-120 cm in length.

There are available literatures about researches to make the shunt smarter from 1980’s. In
1988 Rekate et al published a proposal for a smart shunt design [33] with CSF flow control. The
paper also explains the role of physician in adjustment, hardware size, device size and implant
location. Two platforms of the system with battery powering and external powering are
described. Unfortunately at that time, the system cannot be realized because of technology
limitation. There are many patent literatures from major shunt companies. A feedback control is
used on a pump-based smart shunt is described by Medtronic in patents from 2006 to 2008 [34].
In another patent from Medtronic in 2001, it describes about sensor based implantable
monitoring system that could be used for valve control [35]. Codman and Shurtleff in a patent in
2012 describe a mechanical valve with a pressure sensor and an actuator replacing the magnetic
adjustment mechanism used in the present shunts [36]. The system can be operated under an

algorithm or can be controlled by the physician.

Although there is a lot of a research in developing smart shunts, there is no evidence of a
complete smart shunt developed. Most of the research is concentrating on a few components
needed to make shunts smarter. Most of the designs are in a conceptual level. Many
investigations [44], [45] showed changes in posture of the patients induce drastic differences of
intra-ventricular hydrokinetic pressure. This pressure difference changes the drainage rate of
CSF through shunt. The classical hydrokinetic parameters that are used for the theoretical design

are not optimized for the design of the shunts. Some of the hydrokinetic characteristics of the
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pathway between ventricular to peritoneal cavity may not have been considered in the design of
the current shunt. Integrating sensors in the shunt pathway to monitor hydrokinetic parameters

will give more insights into the shunt complications and aid in a better shunt design.

Table 1.1. Researches in smart shunts.

Related Works

Area of research

Rakate et al. [33]

Proposal of a smart shunt with CSF flow control, two way

communication, hardware, implant locations etc.

Al-Nuaimy group, [46], [47],

[48] University of Liverpool

Data management architectures and decision making frameworks for

smart shunts

Leonhardt group [49], [50],
[51], [52], [56]

Aachen University

Smart shunts and test systems based on pressure feedback control

Cote et al. [53]

Control algorithm based on ICP variation

Yoon et al. [54]

Ajou University, Korea

Micropump and pressure sensor design for closed loop control

Thomas et al. [55]

NJIT

Obstruction resistant catheter designs

ETH Zurich [57]

Hydrocephalus dynamics and constructing models

Linninger et al [58], [59],

[60], [61]

Developing volume sensor

Our work

Wireless multi sensor platform for the detection of location of clog,

flow rate monitoring




21

1.5 Contribution and Organization of this Dissertation

The present day shunt systems are of two types with fixed and adjustable valves. The fixed
pressure valves require revision surgery when flow requirement changes. The programmable
variable pressure valves such as those from Medtronic [9], Codman [10], and Spiegelberg [11]
help to prevent revision surgery due to flow requirement change. The existing shunts still will
not give any information of the complication (e.g. clog) if it does occur. Strong motivation for
the proposed research comes from the fact that at present there is no reliable method to non-
invasively identify the location of the shunt malfunctioning. When there is a shunt obstruction,
all the points along the shunt course are suspect during revision [12]. If there is a suspected
shunt complication, the whole shunt is often replaced and this is an invasive and costly
process. To avoid this, a system that can provide information about flow and the location of the
clog is designed. This system, consisting of sensors to measure the flow and pressure inside the
shunt, is proposed. We also designed a wireless powering and data transmission for the system.
The proposed implanted device is obtains the power required for its operation from an external
reader using the principle of RF resonance. The data transmission also occurs through the same
inductive link used for power transfer. The sensors require excitation voltage and since these
sensors are resistive, they draw current in the range of mA. The technique we used to power only
one sensor at a time and using the same amplifier and ADC for signal conditioning all the
sensors, helps to reduce the hardware components and calibration procedure.

With the proposed system added to the shunt, the health care professionals will be able to
resolve the shunt complications better and hence improving the reliability of the present system.

In this work we propose to detect the location of the blockage and identifying the specific part of
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the shunt that may need replacement, thus reducing the complication of the surgery and
shortening recovery. If there is an obstruction in the shunt, our system can potentially reduce the
number of incisions to be made in revision surgery from three to one. Also, we determine the
flow rate of CSF that can provide an indication of over-drainage or under-drainage in the shunt,
which can potentially cause other complications. Our system monitors ICP and IAP, which can
potentially provide underlying condition of the symptoms shown by the patients. The system
measures the pressure at various points in the shunt ad different body postures and the system
calculates the flow rate at these postures. This information is useful in setting the valve opening
pressure in the shunt. Also, the data collected by our monitoring system over period of time
provide the medical staff more information about the medical condition of the patient.

Although this work requires expertise in multi-disciplinary areas, this work mainly focus on
designing a lab prototype addressing the clog detection and flow measurement with wireless
powering and data transfer capability. The contribution of this work involves

1) A methodology of detecting the clog and Flow Measurement and the theory behind it.
(Chapter 2)

2) The electronic circuit and system design used for flow measurement and clog detection.
(Chapter 3)

3) Prototype development and firmware design (Chapter 4)

4) Methodology and the need for measuring ICP, IAP, posture pressure measurement
(Chapter 5)



CHAPTER 2

SHUNT MONITORING METHODOLOGIES

2.1 Clog Detection Methodology

The major objective of this work is the determination of the spatial location of the clog.
Flow sensors were initially considered for the work. There is a possibility of no flow CSF
through the shunt catheters even if there is no shunt complication. The flow sensor will not be
able to identify the location of the block. Thus pressure sensors are chosen for identifying the
location of clog. In this work we propose placing multiple pressure sensors on the inside wall of

the shunt catheter for clog detection.

In the proposed sensor placements in Figure 2.1, S1 measures the average ICP in the
ventricle, S2 just above the programmable valve, S3 is placed below the valve, and S4 is placed
at the further end near peritoneal cavity measuring abdominal pressure. The number of sensors
determines the precision of the clog location. In the case of four sensors, it splits the shunt in to
five regions 1) above S1, ii) between S1 and S2, iii) between S2 and S3 (programmable valve) iv)
between S3 and S4 and, v) below S4. This approach will get us a spatial resolution of detection
of clog to proximal and distal catheter which reduces the complexity of surgery. In general, if
there are k pressure sensors, it splits the shunt system to k+1 region which will give us k+1

possible location of clog. With MEMS technology it is possible to add more sensors, but for the

23



24

present requirement and the surgical procedure four sensors are sufficient. With more sensors,

there are more electrical connections which is a big overhead in an implantable system.

The location of block in the shunt is determined by comparing the recorded pressures at each
sensor locations. There are four sensors placed along the direction of the shunt. Two sensors are
placed in the proximal catheter and two in the distal catheter as shown in Figure 2.1.  Sensors
are placed at four locations along the direction of the tube. A prototype system made using an
IV container and shunt catheter tubing is used for obtaining the pressure recordings at the four

locations. The valve is placed between sensor 2 and sensor 3 to control the flow of liquid.

Figure 2.1. Location of pressure sensors in the shunt in the prototype.
According to theory, flow of liquid in a tube produces a drop in pressure between two points
along the direction of flow. By measuring pressure at two points, flow rate of the fluid can be

determined. When there is an obstruction of flow, the static CSF column in the shunt increases
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the stress on the sensors and produces a higher pressure reading. When there is flow, there is a
decrease of pressure due to friction. Such pressure change is captured for detecting the location
of failure. This method can be employed in the detection of fully obstructed shunt with 100%
accuracy. Partial clogs can be detected, but in some cases, it is detected as a fully obstructed
clog. This can be improved by increasing the sensitivity of measurement and a better

understanding of how the clog develops in the shunt.

2.2 Flow Measurement

The fluid mechanics system used in the prototype works according to Bernoulli’s principle.
Bernoulli's theorem describes the behavior of a fluid under varying conditions of flow and height
and it says the energy at any point in a liquid flowing through the pipe is the same. It is basically
the law of conservation of energy. Pressure sensors are used in the shunt to determine the
location of clog in the shunt. From the readings from the sensors, flow can be computed using
Bernoulli’s theorem.  In fluid mechanics, head is a concept that relates the energy in a fluid to
the height of an equivalent static column of that fluid. Head is expressed in units of height such
as meters or feet. Head is also fluid’s energy per unit weight. Pressure head is due to the static
pressure exerted by the fluid on the pipe, velocity head is due to the flow of liquid in the pipe and
potential head is due to the height of the fluid relative to a reference point. According to
Bernoulli’s theorem, the head (H) of the system at any point along the system is the sum of
potential head, pressure head and velocity flow head. When the diameter of the pipe is small (in

mm), the frictional loss head should be taken into account.
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An example of a fluid dynamic system is shown in Figure 2.2 is a pipe system that distributes
water from a reservoir. When the valve at a point after P3 is closed, water is filled in the pipe
and exerting a static pressure on the valve. Since there is no flow, velocity and frictional head is
zero. The head at different points (P1, P2, and P3) must be same and is the sum of potential head
and pressure head. The pressure head is measured by the sensor which for no-flow condition is
called static pressure head. This static pressure is measured by the sensors placed at different
locations along the pipe. The measured pressure will be highest at lowest elevation point in the

pipe.

........ Total head line
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Figure 2.2. Pressure readings taken on the pipe during no-flow. The pressure head is due to the
height of liquid column and it is highest at lower elevation.

When the valve is opened, there is flow of liquid. The pressure measured by the sensors drop
as they are measuring the static pressure. This drop in pressure is due to the velocity and friction
or correspondingly, the loss of pressure head due to velocity flow head and frictional loss head.
Frictional loss increases along the length of the pipe. This is clearly visible in Figure 2.3 which

depicts the head at three different points along the pipe when there is flow.



27

velocity Total Pead line a0 0 cuz oo
head

| %ﬁ

head

Reservoir

elevation >Elow

v Y

- s ‘Equipotential plane PY

- RN
NONORORWY

Figure 2.3. Pressure readings taken on the pipe during flow. The pressure head is reduced due
to the velocity of flow. Due to friction there is a further loss of head which increases along the
length of the pipe.

Bernoulli’s equation relating flow for two points in the system in Figure 2.3 is given as

Py u12 p, uzz

+ 29 + 7, + hy,

where P; and P, are the pressure at two points along the pipe. uj, u is the velocity of liquid
at those two points. If area of the pipe is same at the two points, then u; =u,=u. z; and z, are the
potential head at these two points from an arbitrary equipotential plane shown in Figure 2.3. h¢ is
the head loss due to friction. p is the density of the fluid. Considering the area of pipe is uniform
throughout, the frictional loss between two points in the pipe is proportional to the length of the
pipe, and it is zero at the start of the pipe and maximum at the end of the pipe. The sum of all
these heads is same in all the flow conditions and along the entire length of the pipe. In Figure

2.4, the total headline indicates the total pressure of the system when the person is standing.
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According to Bernoulli’s theorem, these must be equal. When there is no flow, the pressure

measured by the sensor is the total head line. When there is flow, the frictional loss occurs given

by

64\ Lup
=)
2/ pgD

Where u is the coefficient of viscosity, L is the length of the tube from the beginning of flow, D

is the diameter of the tube.

Velocity is found from this drop of pressure due to friction. The Bernoulli’s equation can

be rewritten for finding the velocity.

"= 2gD(pgAz — (P4 — P3))
- 7

The following is the steps involved in calculating flow from the measured pressure values.

1. Measure the static pressure difference between the two sensors by having a static liquid
column inside the entire tube and let it be APgg¢ic-

2. Measure the pressure difference between the two sensors when there is liquid flow and let
it be AP.

3. Find the pressure drop due to friction which is (APs;qeic — AP).

2gD(APs¢atic — AP)
fL
5. Calculate the volumetric flow rate using Q= Au, where A is the area of cross section of
the pipe.

4. Find the velocity of flow from the equation u = \/
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The potential sources of errors can be due to variation of one or more of the following factors
such as the sensitivity of the sensor, amplifier gain, and error in measurement of flow rate.
Number of bits of the ADC can be increased for better accuracy. Also if a sensor that can

directly measure the frictional loss, velocity can be calculated.

Total Head line

) [|

- Pressure head measured by sensors

- Frictional head loss

Figure 2.4. The pressure measured by the sensors and the frictional loss.
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23 Experimental Results

2.3.1 Clog Detection

The measured pressure from the proposed system is shown in Figure 2.5. The system was
clogged between sensors S3 and S4 and the pressure measurements were done for a period of 2
minutes at a sample rate of 1. At this condition, all the sensors above the location of the clog
will record higher pressure due to the static column of CSF present and S3 records the highest
pressure. Sensor S4 will be measuring a lower pressure compared to the other three sensors.
When the clog was removed, liquid flows through the tube and the pressure readings of the same
sensors are recorded. When there is flow, there is a reduction of pressure readings compared to

the clogged condition.
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Figure 2.5. Pressure variation of Clogged and unclogged system
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Figure 2.6 shows the graph of pressure readings of the four sensors at different scenarios.
The region A is for pressure reading when the clog is between S1 and S2, region B for the clog
between S2 and S3, region C for a clog between S3 and S4, and region D for a clog after S4.
The region E shows the pressure reading of the sensors when there is a liquid flow in the shunt.
As it is clearly seen in the graph, in region A, the pressure reading of S1 is high due to the clog
below S1. In region B, the pressure on S2 is highest and it is greater than S1 and S1 is greater
than the pressure reading of other sensors. In region C the pressure S3 is highest and in region D,

the pressure reading of sensor S4 is highest.
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Figure 2.6. Pressure variation of the system with clog at different locations.



32

2.3.2 Flow rate calculation

Figure 2.7 shows the pressure reading of the sensors at different flow rates. The valve is
between S; and S;. At low flow rates, the area at the valve is reduced, so there is a presence of a
static water column along with flow and hence high pressure reading on the sensors above the
valve compared to higher flow rates. There is also a pressure drop on the sensors below the
valve due to lower volume of water and no static column. The measured value of P4-P3 is

shown in horizontal y-axis. This value increases as the flow rate is decreased.

In order to find the velocity of flow from the equation, the height difference of S; and Sy
should be calculated. This is calculated using the pressure exerted by the static column of liquid
on S; and S4 by blocking the tube below S4. By measuring the pressure at the sensor in this
condition, the static pressure between S3 and S4 is found out. For the prototype, this height can
be measured directly, but in a real shunt, this need to be estimated when patient is at a sitting
position. This is very difficult to determine when the shunt is implanted. Since pressure drop due
to friction is proportional to the length, it is possible to calculate this value beforehand. When
there is a flow of liquid inside the tube, the measured pressure is reduced from the static pressure
and this pressure drop is the frictional pressure loss. From the graph in Figure 2.8 it can be seen
that at higher flow rate, the pressure drop due to friction is higher and as flow rate decreases, the
pressure loss due to friction also reduces. In Figure 2.8, the pressure reading of the sensors P1,
P2, P3, and P4 along the primary y-axis and the pressure difference P4-P; in the secondary y-

axis. PI1, P2, P3, and P4 are the pressure measured by sensors S1, S2, S3, and S4. The
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difference between P4 and P3 is taken because the length between these two sensors is the

longest and hence more loss due to friction.

The flow rate needs calibration for obtaining good repeatability of the system. This can be
done by calibrating the system for various flow rates using an accurate flow meter as reference.
The flow is set at a certain value in the flow meter and the sensor pressures are measured at this
flow rate for a period of time. Average of this pressure difference between two sensors are

calculated and used for the calculation of the flow.
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Figure 2.7. Sensor reading for various flow rates when flow control valve is between sensors S2
and S3. P4-P3 is plotted on the secondary y-axis.

Figure 2.9 shows the measured and calculated volumetric flow rates through the shunt at

different frictional pressure loss between P4-P3. The flow rates are measured using Thomas
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scientific 3500 Traceable ultra-low flow meter. This instrument displays the instantaneous flow
rate and the total volumetric flow. The instantaneous flow rate is set and the pressure
measurements are taken for a period of 10 minutes. The flow rate is measured by taking the
average of the volumetric flow displayed by the instrument. The average of the pressure reading
for 10 minute period is used to find the calculated flow rate. In the real time system, the flow

rate is calculated using the average of 20 readings taken at 2 samples per second.
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Figure 2.8. Calculated pressure drop due to friction.
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Figure 2.9. Measured and calculated pressure drop.

Table 2.1. Calculated and measured flow rates with percentage of error.

P drop (psi)
0.030
0.023
0.017
0.013
0.010
0.007

Measured (ml/min) Calculated (ml/min) Error (%)

19.6 20.0 -2.2
15.8 14.9 5.9
12.0 11.2 6.3
8.8 8.4 5.1
6.6 6.4 2.9
3.5 4.0 -14.4
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CHAPTER 3

ELECTRONIC SYSTEM DESIGN

Another major contribution in this work is the design of the prototype system that involves the
sensor interface, wireless communication and RF powering. The circuit design concepts and
reasons for the selection of the components are explained in this section. There is no off the
shelf interface or system that can be directly connected to the sensors for clog detection. The
sensors used for the system must be flow-through sensors. Most of the commercial pressure
sensors available in the market are not flow-through sensors. These kinds of sensors cannot be

used in the application as the CSF will not able to flow out through these sensors.

The circuit for this application needs to be customized as there no inductive coupling system
that transmits data and power using the same antenna with required specification. The use of
multiple sensors meant the design of a sensor interface that can power sensors in a time
multiplexed fashion. Two analog multiplexers (MUX) are used control the power and ground
lines to the sensors. The sensors are powered one at a time with a suitable off period before
powering the next sensor for proper operation. The output of the sensor is a differential voltage.
This voltage must be converted to single ended and must be amplified. This is an analog signal,
which must be digitized. An SAR ADC of 10 bit resolution is used for this purpose. The ADC
data of four sensors are collected and converted into a data packet and send to the RFIC for

modulation.
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The system must be able to power the sensors and the sensor interface design as well as the
data communication to the reader. The sensors are piezoresistive and they require excitation
voltage. So this requires a stable DC excitation voltage and this is provided by the regulator.
The constant DC output voltage of the regulator is used for all the components in the design.
The sensor interface unit consumes very little current and so does the microcontroller. The

majority of power is taken by the sensor and for data transmission.

3.1 System Architecture

The shunt catheter in Figure 3 is about 1 mm in inner diameter with a 0.5 mm thickness.
The basic requirement of the sensing system is that it should be able to fit into the current shunt
system without affecting its functionality. This means the size of the sensor and the sensor
interface circuitry to be minimal along with the capability of powering the circuit and sending
the measured data wirelessly. Battery powering makes the system bulky and presents more
challenges in the surgical procedure. The block diagram of the proposed system is shown in
Figure 3.1. The sensors should be placed in the catheter without any deformation to the original

system. This requires the sensor to be MEMS based.

3.2 Shunt Catheter

As explained earlier, the proposed sensor system, the sensors must be placed inside the
shunt catheters for the measurement of pressure/flow. Since shunt is a made of sturdy silicone
tube which is flexible, once it is inserted in to the body, it is safe to assume the area inside the

shunt will not change unless there is a block. In the proposed system, the sensors implanted
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should not impede the flow of the CSF. With MEMS sensor, this can be made sure as the
thicknesses of these sensors are in the range of a few um. The miniaturization of the sensors and
incorporating the sensors are important aspect for the implantable system, but they are not
addressed in this work. Some of the related works about MEMS sensors, hermetic packaging and
integrating sensors in to a catheter are explained in [24], [25], [41]. It is important that the
packaging and the sensor substrate to be bio-compatible. In the present work, flow-through

pressure sensors are attached shunt catheters to measure the pressure.

Skin
External Telemetry unit | Implanted telemetry unit
| Analog Signal
—— Conditioning
Flexible PCB
| Shunt
[ -
Wireless
. . b
Transmission —

Figure 3.1. Block diagram of the proposed Clog Detection system.
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3.3 Sensors

Different pressure sensors are available based on technology, application suitability and
cost. There are at least 300 companies making pressure sensors worldwide using over 50
technologies. Most of the silicon pressure sensors are piezoresistive bridges and capacitive
sensors. The most popular among them is piezoresistive bridge sensors. When pressure applied
to a thin silicon diaphragm present in the sensors, they produce a differential output voltage in
response. The piezoresistive pressure sensors are usually made into Wheatstone bridge
configuration to capture the change of the resistance to a differential voltage. This requires the
application of excitation voltage across the bridge configuration. An excitation voltage VDD is
applied as shown in Figure 3.2 and VSS is usually ground potential in a single power supply

system.

At nominal condition (e.g. atmospheric pressure) to the sensor, the bridge is balanced or
the differential output is zero. The bridge resistors R1, R3 and R2, R4 are arranged on a thin
silicon diaphragm such that when pressure is applied, the resistance of R1, R3 increases and R2,
R4 decreases. This resistance change unbalances the bridge and produces a differential output
signal proportional to the applied pressure value. This output signal is also directly proportional
to the applied excitation voltage. Any change in the excitation voltage directly impacts the output
signal. At nominal condition, the value of all the resistances is the same and thus the common
mode voltage at the output is half the excitation voltage. When a pressure is applied, the Out+
terminal sees an increase in voltage compared to common mode signal and the Out- terminal

sees a decrease in voltage compared to common mode voltage. The differential output voltage is
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usually very small up to 50 mV full scale. To interface this to an ADC or a microcontroller, the

differential output must be amplified into an appropriate range.

VDD

Rd& Rl

Out+ Out-

R3

| vss

Figure 3.2. Piezoresistive bridge pressure sensors

The sensors used in the prototype are the flow-through gage pressure sensor from
Honeywell (26PCAFG6G). These sensors can be added to the shunt catheters inline to measure
the pressure at various locations. This sensor the resistors are arranged into a full bridge
configuration which has a better sensitivity over the half bridge configuration. It is a full bridge
configuration with all the four resistors in the bridge are active sensing elements. The typical
sensitivity of the sensor is 1.67 mV/V/psi and typical input impedance is 7.5 kQ. The excitation
current drawn by the sensors at 3.3V is 0.44 mA. The maximum pressure change for this

application is about 1 psi or a differential voltage output of 5.5 mV for a 3.3 V excitation.
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For the real implantable system, a gage pressure sensor cannot be used for measuring the
pressure at various location inside shunt catheter. Gage pressure compares the pressure
measured to a reference pressure. In the prototype design, it is the atmospheric pressure. For the
implantable system, a reference pressure cannot be provided to the sensors as they are inside the
body. Only reference pressure that can be provided is from vacuum. This means that an
absolute pressure sensor must be used. = With absolute pressure sensors, the sensor voltage
output accounts for the atmospheric pressure which comes as an offset. The pressure due to the
CSF comes on top of the atmospheric pressure. As the range pressure due to CSF is only about a
tenth of atmospheric pressure, this reduces the amount of amplification that can be provided to
the sensor. This offset due to atmospheric pressure must be cancelled at the sensor output if the

required pressure signal need to be amplified to a better range so that ADC is properly utilized.

34 Sensor Calibration

The pressure sensors are calibrated by measuring the offset at atmospheric pressure. The
static pressure is measured at different static column of water to get the sensor calibration curve.
The calibration coefficients are calculated from the calibration curve. This is stored in the

memory when the actual measurements are made.

The calibration curve of S4 is shown in Figure 3.3. A best fit linear line is used to
calculate the calibration coefficient. Higher order coefficients can be calculated for a better
accuracy, but in the pressure ranges of our application, the calibration curve is almost linear.
The calibration curve for each sensor is calculated and the calibration coefficients are reported in

Table 3.
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Figure 3.3. Calibration curve for the sensor S4.

The offset of sensors drifts over time. Due to this drift, the sensors need to be calibrated
before each measurement cycle. This is impossible if the sensors are implanted as there is no
known reference pressure to compare it against. This also means in the implanted system, gage
pressure sensors cannot be used. The gage pressure sensor compares the pressure at a point with
respect to ambient pressure (usually atmospheric pressure). The pressure near each implanted
sensors are unknown and cannot be reliably measured. To avoid this, gage pressure sensors in

the present prototype system must be replaced by absolute pressure sensors for implantation.
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Table 3.1. Calibration coefficients for all the four sensors

a; b;

Sl 0.594 | -0.0093

S2 0.606 | -0.0432

S3 0.612 | -0.0135

S4 0.603 | -0.0128

The possible solution for offset drifts is to measure the sensor pressure at a certain
condition (like the valve is totally closed) and calibrate the sensors by recreating the same
condition during hospital visits. A calibration method for implantable pressure sensor is
mentioned in [28]. In this paper the authors developed an implantable absolute pressure sensor
integrated to an undulation pup ventricular assist device (UPVAD). In the calibration process, it
is the pressure at the start of the diastolic phase is almost intrathoracic pressure. Intrathoracic
pressure is assumed to be close to atmospheric pressure, which is taken for the gage pressure
measurement. The authors also mention that this method actually generates an offset error, but
since this pressure is always observed at the inflection point, it can be inferred as a zero gage

pressure.



44

3.5 Sensor Interface Components

The sensors used in the system are piezoresistive bridge sensors shown in Figure 20.
These sensors need to be supplied with a voltage and the output of the sensor is a differential
voltage. The current drawn by the sensor depends on the supply voltage of the sensor and the
input impedance of the sensor. The differential sensor output voltage must be conditioned and
converted to a digital value and send to an external receiver. Use of battery will make the system
bulky and life of the system depends on the battery. When the battery runs out, it needs to be
replaced meaning an additional surgery. In order to avoid this condition, wireless powering is
proposed. Electromagnetic induction (near-field) is preferred for power transmission due to the
minimal impact on the human body compared to electromagnetic radiation (far-field) methods.
For better efficiency and a better range than electromagnetic induction, resonant inductive

coupling is used.

3.5.1 Instrumentation Amplifier

Piezoresistive bridge sensors provide a slow differential analog signal in the range of a
few millivolts. Providing the signal directly to an ADC will not give adequate resolution to the
signal. In order to effectively use the range of ADC for the measurement, sensor signal must be
amplified. Instrumentation amplifiers (INA) are the most common interface circuits that are
used with piezoresistive bridge pressure sensors. Instrumentation amplifier in 3 op-amp
configuration in Figure 19 is used for the design. Because of the high input impedance,
instrumentation will not load the differential output of the pressure sensor. The required gain can

be set using an external resistor Rg. The small differential signal is gained and converted to
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single ended with an INA. In order to do that, the differential signal must be subtracted and
amplified so that it matches the ADC range. The subtraction process rejects common-mode
voltage. In Figure 3.4, the op-amps Al and A2 provide gain to the differential signal and A3 is

the difference amplifier.

R2 >
A
= R4 R5
A2 AN - AN
: 1
INPUT STAGE OUTPUT STAGE

Figure 3.4. Classic 3 op-amp INA. (www.ti.com)

3.5.2 Analog Multiplexers

In the proposed system to measure the clog, multiple pressure sensors are used. All of the
sensors used are piezoresistive sensors that require voltage excitation. Powering all sensors at
once means increase in power consumption which is not good for implantable system. To avoid

this, each sensor are powered one at a time for a few microseconds to complete the measurement


http://www.ti.com/

46

and then isolated from power supply. This is done using an analog multiplexer. A 4x1 MUX is

used for this purpose.

3.5.3 Filtering

The sensors had to be routed to the sensor interface board as they are in the catheter.
These wires capture 60 Hz power signal which causes changes in the measurement. These are
removed by using a low pass filter with a cut-off frequency of 10 Hz. Filter is achieved using a

simple RC filter.

3.5.4 Analog to Digital Converting

The amplified signal must be converted to a digital signal for sending to the reader. An
external ADC or an ADC in a microcontroller can be used for this. The data from the sensors are

converted into required packets and transmitted to the reader using the chosen protocol.

3.6 Sensor Interface Circuit

The sensor interface circuit is shown in Figure 3.5 consists of components mentioned in
section 3.5. As mentioned there the output of the sensors is a differential voltage. To amplify the
differential sensor output signal, an instrumentation amplifier from analog devices (AD8236) is
used.  The gain of the amplifier is set at 100 using the gain setting resistors. The current
consumption of this device is 0.06 mA and it is in micro small outline package (MSOP). The
device has a very small foot print that saves board space and power consumption is very low. It
also works from 1.8 V to 3.6 V supply voltage. With the option of working at 1.8 V makes it

ideal to use with low voltage components and the possibility of a 1.8 V excitation to the sensor
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thereby reducing the power consumption although this method was not employed due to the

minimum voltage requirement to the microcontroller is 2.7 V.

Digital Out
] p

Filter
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MNA

MU¥ 2
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Figure 3.5. Sensor interface circuit.

Two 4x1 analog multiplexers also from analog devices are used to provide VDD and GND

signal to sensors one at a time. The multiplexers are controlled by the MSP430 microcontroller.

The sensor powering is optimized in such a way that once the ADC stored the sensor value,

power to the sensors is cut off and the next sensor is powered. This is continued until all sensors

data are stored in the memory. The sensor interface circuit is turned off after all the sensor data

are obtained. Signals generated from two I/O pin of MSP430 are used to control the MUX. The

2 control pins for the MUX A0 and A1l shown in Figure 3.6, which controls the 4 MUX outputs
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and this, makes sure each Sensor VDD and GND are isolated. Thus only one amplifier is needed
for all the sensor amplification. Thus only one offset cancellation and calibration is done for the
INA. For the differential pressure measurement, there is no need to consider the offset
introduced by the amplifier as the same offset is subtracted from both reading. The only offset

now comes from the pressure sensors and the voltage drop in the connecting wires.

4X¥1 MUX
S
—

YR

VDD / ooz
. wha:

Analog data |

Figure 3.6. The analog MUX control and functionality.



CHAPTER 4

PROTOTYPE DEVELOPMENT

4.1 Clog Detection System using EZ430-TMS37157

The sensor interface design shown in Figure 4.1 connected to a data acquisition system
successfully detected the location clog in the shunt catheter. The next challenge is to design a
system that wirelessly transfers the sensor data to a PC with an option for power harvesting. A
system was designed using an off the shelf development kit EZ430 TMS37157 from Texas
Instruments (TI) is shown in Figure 4.1. It consists of an RFID reader which is connected to a

PC and a transponder board.

The RFID transponder unit contains a low frequency (LF) RFID transponder IC
TMS37157 and an MSP430F2274 microcontroller (uC). TMS37157 receives commands from
the reader via the transponder coil which is communicated to the uC via I°C interface. The
sensor data is digitized and communicate back to TMS37157, which modulates the sensor data

and sends it back to the reader.

The RFID reader device consists of a LF reader IC TMS3705 and a USB Interface. The
GUI commands the target board via reader to instigate the sensor measurement. After the
completion of measurement, the reader IC demodulates the received data and sends it to a PC via
USB interface or store in memory in a standalone operation. The sensor readings are filtered

from the data packet. The GUI displays the location of clog, flow rate, and a real-time graph of

49
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the pressure values. There is an option to save the data into a spreadsheet file for further (e.g.

long-term) analysis.

TI EZ430 TMS37157 kit s1

&=

RFID Reader

52

1) Sensor
RFID /| Interface S3

Transponder

54

Figure 4.1. Block Diagram of the system with EZ430 TMS37157.

The data from the target board is transmitted to base station. The reader decodes the data
and sent the data back to the PC using USB. The Graphical user interface (GUI) gets the data
packet from the reader device. Source code of the graphical user interface is in Visual C++. The
interface is modified in Visual Studio 2010. The useful sensor information is filtered from the
data packet. For pressure sensors, the pressure values of the adjacent sensors are used to
calculate the pressure gradient and flow rate. The GUI shows the pressure readings from
multiple sensors displayed in the GUI. This data is used to determine the location of clog and
display the location as shown in the screen shot in Figure 4.2. This GUI also displays a real-
time graph of the pressure values. There is an option to save the data into a .csv file so that it can

be used for further analysis.
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A picture of the first version of the system with all the components is shown in Figure 4.3.
Due to the power required for the sensor interface and the complications in firmware

development a custom made transponder was designed using the same RFIC chip used in EZ430

TMS37157 which is explained in the next section.

| Demo Mode | Expert Mode | Restart Trimming | Data Logger | VWireless Sensor |
Cortrol

@ Run Power Burst 1 [ms] _Wﬂ
) Save Power Burst 2[ms] 130

Measument

psit

P1
P2
P3

Pressure Reading

Prassura

# of measurement

Figure 4.2. Screenshot of the GUI.
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Figure 4.3. A picture of the lab prototype system.

4.2  Transponder Circuit

The transponder circuit for the implanted system in Figure 4.4 consists of the power
harvesting circuit, the modulation/demodulation circuit, the data acquisition and the sensor
interface. The sensor interface circuit is explained in the above section. In this section the
discussion is about the power harvesting, modulation and data acquisition using the
microcontroller. The power harvesting is done using the LC tank circuit connected to a
regulator. The regulator provides the voltage to all the circuit components. The TMS37157 does

the modulation and demodulation functions. The chip communicates with a microcontroller via
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SPI with the demodulated signal from the reader. The microcontroller acquires the sensor data
and creates packets with the required RFID protocol and sends it to the TMS37157. This data is

modulated and sent back to the reader.

In the implanted telemetry unit, at the LC resonant tank circuit, an alternating waveform at
resonant frequency is obtained. This signal is rectified and then regulated to get the DC supply
voltage. This supply voltage is used to power the sensor and sensor interface circuits. To power
all sensors at the same time requires more power and thus need for larger size spiral inductors in
the implant unit. To avoid this, sensors are powered one at a time. A microcontroller
MSP430F2274 is used to control a multiplexer to power sensors one at a time. The sensor output
is amplified and fed to the ADC input of the microcontroller and stored in the memory. The
process is repeated to get all the sensor values in the memory. The microcontroller generates
frequency signals corresponding to ADC values and this frequency signal is used to generate
impedance changes seen by the external inductor (antenna). All the ADC values from the
sensors are converted to frequency one after another and the load seen at the implant unit is

switched according to the frequency of each sensor in a time shared fashion.

The external telemetry unit consists of a resonant LC tank which is driven by a power
amplifier. When the load changes in the implanted resonant circuit, it is reflected back to

external resonant circuit and this change is captured to determine the pressure sensor values.
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The circuit diagram of the entire transponder side is shown in Figure 4.4. The circuit
consists of a resonant tank circuit tuned to 134.2 kHz, a TMS37157 transponder chip from Texas
Instruments (TT), an MSP430 microcontroller and the sensor interface. The power required for
all these devices are harvested from the RF waves and a regulator connected to the rectified
signal to provide a constant 3.3 V to all the components. The TMS37157 is a passive low
frequency transponder interface. This interface has a wide voltage range of 2 V to 3.6 V with a
power down mode of 60 nA and an active mode maximum of 150 pA. There is a 3-wire SPI
interface for exchanging the data with a microcontroller. The downlink is through amplitude

shift keying and the uplink through frequency shift keying.

- —

GND GND ]
S TMS37157 MSP430F2274 : Sensor Interface
N VDD VDD ]
— Vin  Vout
GND

Figure 4.4. Transponder circuit.
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4.3 RF Resonant Powering

To power using RF waves over near field (distance of few cm) inductive powering is
used. To maximize range and efficiency, resonant coupling is used. In resonant coupling, the
resonant frequency of the tank circuit in the reader as well as transponder is designed to be the
same or in other words, the product of L and C of the tank circuit is made the same. In Figure
4.5 L1 represents the inductance of the antenna. Size of the reader antenna is made bigger for
more power transfer and range. The range of the antenna increases with increase in diameter of
the antenna. Capacitor C1 is used to tune the resonant frequency of the tank circuit to the
required value which for our system is 134.2 kHz. The capacitor C1 can be connected in series

or parallel depending on the demodulation scheme used to retrieve the data.

For maximum efficiency and range, it is important to tune the tank circuit in the
transponder to 134.2 kHz. The inductance of the transponder antenna is L2 and the capacitor
value is C2. L2 and C2 are connected in parallel so that at resonance, the impedance of the

circuit is infinite and thus acting as a current source for load.

Reader S I —_— Transponder

Figure 4.5. Resonant powering of the transponder by the reader.
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The LF communication uses 134.2 kHz to transmit data through the inductive link. The resonant

frequency of the LC tank circuit is given by

1
2nV/LC’

Fres =
where L is the inductance of the inductor and C is the capacitance of the capacitor in the tank
circuit. Choosing a transponder coil with an inductor value of 2.38 mH (L2), the capacitor
required to make the tank circuit oscillate at 134.2 kHz is 592 pF. A standard value for capacitor
available near this value is 560 pF (C2). The exact 134.2 kHz frequency is obtained by tuning
the trim capacitor in the TMS37157 IC. The pin configuration of the TMS37157 is shown in
Figure 4.6. The IC comes in QFN package. The pin RF1 and VCL is where the tank circuit is

connected. The signal from VCL is taken to the input of the regulator.

4.4 Data Transfer

The packet send from MSP430 to TMS37157 is based on the RFID protocol. After the
protocol bits, the amount of data that can be send in a package is 6 bytes. For the purpose of
clog detection, the resolution of the measurement is not that significant. So for transmitting
readings of 4 sensors, the sensor data is truncated into 8 bits (1 byte). For the flow measurement

and ICP measurement, higher resolution data is transmitted.

The data transfer to the reader uses FM. There are 16 RF cycles to transmit a bit. The
low bit frequency is 134.7 kHz and high bit frequency is 123.7 kHz. This means that it takes
118.8 ps to transmit a low (zero) bit and 129.3 ps to transmit a high (one) bit. This FM principle

used is shown in Figure 4.8.
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The packets are transmitted to the TMS37157 via SPI. The interface between the
TMS37157 and MSP430F2274 is shown in Figure 4.7. The pin BUSY indicates when
TMS37157 is ready to receive data from the MSP430 and pin PUSH is used to wake up the

TMS37157 from standby mode so that MSP430 can access EEPROM of TMS37157.
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Figure 4.6. TMS37157 pin diagram.
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Figure 4.7. Block diagram showing the interface between MSP430F2274 and TMS37157
(www.ti.com).

0 [ 1 1 0 I 1 |
[ | I |

l

I
\
134.7 kHz } 123.7 kHz 134.7 kHz i 123.7 kHz I
|
I

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂHNWWMMWN\!

m———— - - —————

LA O AR RN ORI SO L TR AT Y

129.3 ps 118.8 ps

e
“‘}f“
N

Figure 4.8. FM principle used for transmitting data from TMS37157 (www.ti.com).
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45  MSP430F2274

The MSP430F2274 is an ultra-low-power microcontroller from Texas Instruments. They
have different sets of peripherals including a 10 bit ADC, a 16-bit timer, two op-amps, a
universal serial communication interface, and 32 I/O pins. The functional block diagram is

shown in Figure 4.9.
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Figure 4.9. Functional block diagram of MSP430F2274 (From www.ti.com)

The main functions of the MSP430F2274 in the transponder circuit are to communicate with
the TMS37157 and to control the sensor interface. When the microcontroller is reset and then

initialized, it initiates the SPI communication. Then it clears the interrupt flags and enables it



again.
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It looks for active interrupts, and depending on the interrupt, it performs a specified

routine. For our design, the routine is MSP access during BUSY interrupt.  During the BUSY

interrupt, SPI communication is activated and the MSP430 reads the access data from

TMS37157 after that SPI is deactivated. Then the sensor measurement is initialized. The

MSP430 generates the control signals to control the sensors. The sensor values are stored in the

memory. SPI is activated again to send the data to TMS37157 and the SPI is deactivated. The

data acquisition by the MSP430 is given below.

1)

2)
3)
4)

5)
6)
7)

8)
9)

Check for proper power at the rectifier output. If power is good, generate the control
signals for the multiplexers and the power signal for the sensors.

With using proper hold time for the ADC, the sample the sensor output when it is stable.
Store the ADC value in the memory.

Look for the end of conversion flag. At this time power off the sensor by switching the
control signals.

Power the next sensor and follow the previous steps.
Once all sensor readings are obtained, turn off the ADC.

Data packets are filled by one byte at a time. Each sensor data is 10 bits. So the first 8 bits
are separated first and placed in the packet and the MSB’s are placed in the next slot. In
this way all the sensor data is placed in the packet.

The data packet is send to TMS37157 for transmission.

The entire cycle is repeated again.



CHAPTER 5

BEYOND CLOG DETECTION AND FLOW MEASUREMENT

The complications from shunting are mostly due to failure of shunts. Better understanding of the
hydrokinetic parameters and the CSF will help to design better shunts. Monitoring of flow rate,
ICP, IAP after shunt implant can help to optimize the drain rate of CSF. Strong motivation for
the proposed research comes from the fact that the failure rate of shunt at the present day is
very high. Also monitoring ICP will give more insights into hydrocephalus,
which can further aid the treatment. When complications occur, the shunt requires
some type of revision usually shunt replacement which is a costly process. By getting more
pressure data from different locations in the shunt will help in design of better shunt devices for

treatment of hydrocephalus.

ICP and other parameters differ from person to person. Another motivation for
monitoring ICP, IAP and drain rate is that shunt performance can be optimized and personalized
for any particular patient by the surgeon. The key contribution in this work is the design of a
prototype system that determines the location of clog, flow measurement and pressure

measurement at key locations in a hydrocephalus shunt.
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5.1 Intracranial Pressure

Intracranial pressure (ICP) is the resultant of the circulation of cerebrospinal fluid (CSF)
and cerebral blood. In general ICP monitoring is useful in the treatment of Hydrocephalus.
Specifically the information extracted from the ICP waveform is very useful. This extracted
information includes cerebral perfusion pressure (CPP), regulation of cerebral blood flow and
volume, CSF absorption capacity, brain compensatory reserve, and content of vasogenic events
[27]. The diagnosis and subsequent monitoring of the shunt function for hydrocephalus is aided

by the CSF dynamic tests.

In our proposed system, the position of sensor S1 is in the ventricles thereby measuring the
real ICP and hence avoiding the problem from measuring the CSF column height at the lumbar.
If the pressure transducers are inserted into the ventricle, it not generally re-zeroed at the start of
each measurement. For long term monitoring this can produce a considerable zero drift and thus

false reading.

5.1.1 ICP measurement techniques

The present methods of measuring ICP are mostly invasive. A transducer is usually needed
for accurate monitoring of ICP. The apparatus in Figure 5.1 includes an intraventricular drain
connected to an external pressure transducer. The transducer is calibrated externally (Zeroing)
and the ICP can be controlled by draining the CSF. The real ICP is ventricular CSF pressure.
The pressure inside brain compartments (different ventricles and brain parenchyma) might be
different. The pressure measured by most common intraparanchymal probes may not represent

the real ICP as the pressure may be compartmentalized. Assessment of craniospinal dynamics
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from the lumbar CSF pressure is more often used in hydrocephalus. This method should involve
recording of pressure and pulse amplitude for a period of at least half an hour. The CSF pressure
measured by height of the CSF column at the lumbar may be misleading as CSF pressure varies

over time.
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Figure 5.1. Apparatus for an invasive transducer for the measurement of ICP [from [28]]

5.1.2 ICP Value Ranges

The ICP value depends on age, body posture and clinical conditions, so it is difficult to
establish a standard value. Normal ICP in healthy adult in a horizontal (e.g. lying in bed) position
is in the range of 7-15 mmHg. In vertical (sitting, standing) position, it is negative with average
around -10 mm Hg and not exceeding -15 mm Hg. An ICP above 15 mmHg in horizontal

position can be regarded as elevated in hydrocephalus.

The ICP waveform consists of three major components in time domain which can be

separated to frequency domain as shown in Figure 5.2. These are: (i) slow waves, (ii) respiratory
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waves and (iii) pulse waves. The pulse waves have the frequency of the heart and it consists of
many harmonics. The amplitude of the fundamental frequency component is very useful in the

evaluation of various indices.
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Figure 5.2. (a) ICP wave form recording (from [1]) and (b) the frequency domain representation
of the waveform

To monitor the pulsatile nature of the ICP, the sensor data must be sampled at a rate more
than 20 samples per second. To achieve that, after the measurement is initiated, the pressure data
is recorded at 64 samples per second and saved into internal memory. Only after the required
number of samples is collected, data is sent back to the reader. For the clog detection and flow
measurement, once all the four sensor measurements are completed, data is sent back to the
reader. This method has a very low sampling rate of 2 samples per second and it will not capture
the pulsatile nature of ICP. IAP monitoring is also important for hydrocephalus patients. As the
IAP changes at different body postures, the monitoring of IAP can be significant in setting the
drain rate of CSF. Also the value of measured IAP might help to determine the migration of
shunt catheter. The IAP is also recorded at 64 samples per second due to multiplexing strategy

employed in our system.
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The flow-through pressure sensor S1 (in Figure 2.1) in the prototype system measures
ICP. The pulsatile nature of ICP only occurs in the brain. During the pulsatile motion, the net
flow is zero. The effect of pulsatile wave will change the flow rate slightly. This change is
captured by the sensor S1. The sensors used in the lab prototype are commercially available flow
through sensors. A pulsatile waveform was created by manually turning a valve on and off
periodically at approximately 1.5 Hz. The sensor output is sampled at 64 samples per second.
The pressure captured by the sensors is shown in Figure 5.3(a). In order to test the response of
the sensor, the frequency of turning off and on is increased and decreased by a small amount.
This change of frequency is captured by the sensors and it is seen in the FFT of the waveform
(peaks at around 1.5 Hz). The fundamental frequency of this manually created pulsatile
waveform is captured in the FFT in Figure 5.3(b) along with the small increase in frequency.
Pulse waveform analysis of ICP based on power spectrum evaluation was done as demonstrated
in [25]. The amplitude of the pulse waveform can be used to estimate cerebral blood volume.
The compliance of the brain is correlated to modulation of pulse waveform by respiratory
waveform. To capture this amplitude properly, the sensor must be placed on the outside wall of

the proximal catheter in direct contact with the pulsatile wave.
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Figure 5.3. (a) Pressure recorded by S1 from a simulated pulsatile flow, (b) FFT of the recorded
pressure
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5.2 Effects of posture on clog detection and flow rate measurement

It is also important to measure the pressure at different shunt locations at different body
postures like sitting, lying down etc. A model of the system is shown in Figure 5.4 when the
patient is in supine position. When a patient is sitting/standing as shown in Figure 5.5, there is
an additional hydrostatic pressure (HP) added to the fluid dynamics. This causes an increase in
flow rate. The perfusion pressure (PP) is the driving force for CSF. The pressure at the brain
ventricle is ICP and there is the valve connected from proximal to distal catheter which has an
opening pressure (OP) and then there is abdominal pressure (AP). When the person is standing
up, there is an additional hydrostatic pressure (HP). At supine (lying back) position
PP =ICP — (OP+AP)

At standing position

PP = ICP +HP — (OP+AP)

Opening Shunt
pressure (OP) valve

Distal catheter

Proximal
catheter

Zero
Pressure -y
line
Intracranial
Abdominal pressure (ICP)

pressure (AP)

Figure 5.4. CSF dynamic pressure at various points along the shunt in supine position (from

[30D).
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The pressure measurement of sensors S3 and S4 in horizontal position is shown in Figure
5.6. The pressure is measured when there is a clog after S4 and when there is a liquid flow. For
the condition for clog after S4, the pressure readings of the sensors are almost the same and it is
very difficult to find out which value is higher.  Also when the patient is lying down, if the
position of sensor S4 is below S3 in this condition, S3 readings will be higher compared to S4.
This will produce false clog detection. When there is CSF flow, the pressure difference between
the two sensors is increased as seen in Figure 5.6. This pressure drop is directly proportional to

frictional pressure loss and flow rate is calculated from this.

Hydrostatic pressure gradient (HP)

Figure 5.5. CSF dynamic pressure at various points along the shunt in standing position ( from

[30D).
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Figure 5.6. The pressure reading of sensor S4 and S3 in horizontal position.

Figure 5.7 shows the pressure reading of sensors S3 and S4 at horizontal position and vertical
position for maximum flow rate and no flow condition. This information can be used for online
calibration if the flow rate is known. Due to the hydrostatic pressure in the vertical position, the
flow rate is higher. The maximum flow rate for vertical position is 20 ml/min and for horizontal
position is 16 ml/min. The higher pressure reading on the sensor P4 is due to the hydrostatic
pressure of liquid column present in the tube. At horizontal position, there is no hydrostatic

pressure present as shown in Figure 5.7(b).
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Figure 5.7. The pressure difference between two sensors at flow and no flow at (a) vertical
position (b) horizontal position

Measuring the pressure in standing and supine position will help to calibrate the sensors

online.

If sensors S3 and S4 are at same height with respect to a reference in supine position, the

pressure difference between the two sensors is due to the pressure drop due to flow.

The proposed calibration procedure and assumptions is as explained below

1)
2)

3)

4)
5)

6)

The sensor readings are measured at sitting and supine position after patient is recovered
after surgery.

These readings are taken as the references. The vertical height differences of the sensors
need to be noted at both the cases.

In horizontal position, if two sensors are in the same level and if the sensors are offset
corrected, the pressure difference between them is the pressure drop due to flow. Ifthe
height difference between sensors is known, then decrease in static pressure proportional
to flow.

This value of flow is calculated from flow calibration data.

If the flow rate is same for horizontal and vertical position, the pressure drop created
between each sensor is the same as pressure drop is dependent only on the length of tube
and velocity of flow.

Assuming accurate data for height difference between sensors are available at horizontal
and vertical position, and the flow calibration data, sensor calibration can be done.
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5.2.1 Posture-Pressure measurement and feedback control

The shunt valve is set at a particular setting for a patient. When the patient changes the
posture from supine to sitting/standing as in Figure 5.8, there is additional hydrostatic pressure
acting on the brain. This additional hydrostatic pressure increases the flow rate of CSF. When the
posture of the patient changes from supine to standing, there is a decrease of ICP and an increase
of IAP. This effectively reduces the increase of hydrostatic pressure. The ICP and IAP changes
might be dependent on person to person and recording these two parameters will help to set the
valve at an optimum position. Our sensors will be able to measure the increased hydrostatic
pressure column. The difference of pressure between two sensors (S2-S1 & S4-S3) will capture

this increased hydrostatic column. Thus system is able to determine the patient’s posture.

To mimic the condition in Figure 5.8, the prototype system in Figure 4.3 is fixed to the
surface of a wooden plank, where the position of one sensor w.r.t. each other remains the same.
The plank is first placed in a horizontal position and the sensor readings and flow rate is
measured. After the measurement is completed, the plank is tilted so that it is at angle w.r.t
horizontal and the measurements are taken. The process is repeated until the plank is at a vertical

position.

The posture measurement is done by finding the pressure difference between two sensors
and the result are shown in Figure 5.9. The valve opening setting is held the same for all the
postures. The sensors are mounted on a surface such that the position of each sensor with respect
to others will not change during the measurement. The graph in Figure 5.9 shows the increased

pressure difference measured between the sensors when the posture of the patient changed from
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supine to standing. The flow rate increased due to the additional hydrostatic pressure in the
shunt system due to gravity . For the external setting all the different postures are calibrated and
the flow rate is calculated for all postures. When the system is implanted, calculating the flow
rate at different postures will be difficult as obtaining a reference reading and calibrating it will
be challenging. But these values can be estimated from the flow rate of CSF at standing and

supine positions.

Figure 5.8. Sensor positions when patient is moving from a) supine posture to b)
standing/sitting posture.
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Figure 5.9. Flow rate (primary y-axis) and measured pressure difference (secondary y-axis)
between pressure sensors at different body postures.

The prototype system is capable of detecting the posture of the patient and the corresponding
flow rate. With continuous monitoring, the system can determine the posture of the patient and
the respective flow rate. A feed-back control system can be designed with actuators to control the
valve opening and closing position to optimize the flow rate. The system will take into account,
the ICP, IAP. Valve opening and closing pressures, the posture of the patient in deciding the
optimum flow rate. Continuous monitoring requires higher power and will need rechargeable

batteries for providing uninterrupted power. Another approach is to monitor the flow rates, ICP
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and IAP initially to get an understanding of the patient’s normal range and set the valve
accordingly for optimum flow rate. After that regularly monitor these values say once in an hour

to monitor ICP. The valves can be adjusted based on periodical measurements if needed.

5.3 Online Calibration

For the application that involves implantable pressure sensors, the requirements include the
device must be 1) small, 2)must be hermetic and biocompatible, 3) compatible with modern
imaging techniques 4) have insignificant drift over time 5) comply with the required standards
(FDA, ISO). The application determines the other design consideration like sampling rate, data
transmission rate, sensitivity etc [1]. The pressure sensors used for our application is the MEMS

based piezo-resitive sensors.

All the pressure sensors suffer from drift. The drift in catheter based sensor systems used for
ICP measurements are usually handled by frequent recalibration (zeroing) through a reference
pressure, usually atmospheric pressure. As the sensors are implanted, it is impossible to
recalibrate without a surgery. The drifts in pressure sensors are basically of two kinds 1) offset
drift and 2) sensitivity drift. Offset drift occurs when there is a change of sensor values from the
calibrated state. For gage pressure sensors, usually the calibrated state is atmospheric pressure.
During calibration, the offset voltage is found and it is corrected. The offset drift may be caused
by aging of the sensing element or changes in reference pressure. Sensitivity drift causes a
change in response to applied pressure corresponding to the initial response. The sensitivity
drift may be caused by the mechanical fatigue of the sensor elements or even corrosion. The

piezo-resistive pressure sensors, the materials used for sensor elements are temperature
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dependent, which means both the offset drift and sensitivity drift are temperature dependent.
Most of the commercially available sensors have innovative circuits to compensate for the effect

of temperature.

5.3.1 Need of Calibration

Although the effect of drift due to temperature can be compensated, the offset drift and
sensitivity drift due to aging needs to be compensated. As mentioned earlier, this is not possible
to recalibrate the implanted sensors without a surgery; the options are to find a certain case in
which pressure can be estimated so that sensors can be calibrated against that condition. By
manufacturing very robust sensors, these offsets can be reduced, but it will be impossible to

eliminate these offsets.

For our application, we are using multiple pressure sensors to determine the location of clog.
We are using the pressure difference between sensors to calculate the flow through shunt. The
pressure drop on the sensors is due to friction and is proportional to the length of the tube and
velocity of flow. The pressure difference between any of the two sensors can be used to
calculate flow at a given time and that must be the same. Flow rate at any particular point of
time is calculated using all the possible sensor combinations and if the flow rate falls outside a

certain margin of error in any one or more combinations, there is a probability of an offset drift.

The proposed procedure for online calibration is as follows.

1) The sensors in the shunt are calibrated for offset at atmospheric pressure.
2) After the shunt implant surgery, the sensor readings are measured in a standing and
supine posture.
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3) Using an imaging technique, the position of the sensors with respect to each other (It is
also possible to measure the static pressure column by closing the valve and measuring
the pressure sensor values).

4) From this data, calculate the static pressure difference measured between the sensors in
standing and supine position

5) When there is a flow of CSF in the shunt, there is a reduction of pressure difference
between the sensors. This pressure difference s due to frictional loss and is proportional
to the length of the tube.

6) The pressure difference per unit length between any two sets of sensor is found and must
be the same as the flow rate is the same throughout the shunt. This information is
calculated from Step 2

7) The sources of error come from the ADC and noises and interferences. Depending on the
system specification a suitable margin of error is calculated. (Mostly dependent on the
resolution of ADC)

8) If the shunt is working fine, the sensor can be calibrated say once in 6 months or 1 year
by repeating steps 2 and 6.

9) If the pressure difference per unit length changes below the margin, there is an offset
change in sensor or sensors. If there is only offset change in one sensor, this change can
be easily calculated.

10) If there is change in pressure in multiple sensors, more complex algorithm is needed for
finding the offset

This proposed method will help to reduce high offset drift errors. Small errors within the
tolerance margins are not corrected. Also small errors also can be induced due to small changes
in postures during the initial measurements and the measurements for re-calibration. Also for the

patients who are growing, there is also a need to redo steps 3 and 4 in the calibration as the

respective position of the sensors is possible to change.

For the testing of the proposed calibration technique, the prototype was first offset
corrected and the pressure differences between sensors are calculated at 3 chosen flow rates.
From this a profile of the pressure difference per unit length to flow is obtained. To test the

possible changes in the sensor offsets, one of the original sensors are replaced with another
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sensor (5th sensor S5) with a different offset. The measurement conditions were made the same
as before and the pressure data is found at the chosen flow rates. Each sensor is replaced by S5

one at a time and the pressure drop per unit length is calculated for the chosen flow rates.

5.3.2 Results

The four sensors S1, S2, S3 and S4 are offset corrected and pressure measured by each sensors
are recorded using the prototype system for three different flow rates (15 ml/min, 20 ml/min, 24
ml/min). Then sensors S1 is replaced by S5 which has an offset different from the original four
sensors, and pressure measured by the four sensors are recorded under the same conditions and at
the chosen flow rates. Then other sensors (S2, S3, & S4) are also replaced by S5, and the
pressure readings of the four sensors are recorded at the chosen flow rates. 100 data samples are
collected for each of the flow condition and it is averaged out to obtain the pressure drop per unit
length due to friction between the sensors. Ideally the frictional drop per unit length must be the
same for any two sensor combination. Due to noise and ADC quantization, there is an error of
up to £1/2 LSB in the ADC reading. Tolerance level for the measurement is set at +1 LSB and
any standard deviation of the pressure drop between the sensors at a flow rate. Any SD less than

that are cannot be used to calculate the offset drift.

In Figure 5.10, for case 1 where four offset corrected sensors are used, SD of pressure
drop per unit area between each sensor is less than 2 LSB and that means there is no possible
offset drift. When Sensor S1, S2, and S3 were replaced by S5, the SD increased and it increased
appreciably. And in the case of S4, the SD is only above "2 LSB this is because the offset

difference for S4 and S4 was only 1 LSB. Low offsets within an LSB of the ADC cannot be
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reliably captured by this method. But very large offset drifts can be found out and corrected to

increase the accuracy of flow. Also if more than one sensor offset drifts, with this method it is

not possible to calculate offset drifts.

0 -
No offset drift Offset driftin S1  Offset drift in S2  Offset drift in S3

Offset drift in S4

B Seriesl
M Series2
W Series3

Figure 5.10. The SD of pressure drop/unit length at three chosen flow rates for offset corrected

sensors and induced offsets in S1, S2, S3, and S4.



CHAPTER 6

CONCLUSION AND FUTURE DIRECTIONS

A lab prototype was designed for the detection of clog and flow measurement. The system uses
multiple pressure sensors for finding the location of clog in the cerebrospinal fluid shunt. The
system design involves the methodology for the detection of clog which is by comparing the
pressure at different locations in the shunt. When there is a clog, there is a presence of a static
column of CSF which gives rise to elevated pressure readings. The system detects the location
of the clog with 100% accuracy needed for reducing the number of incisions needed for revision
surgery when the measurement is taken in a sitting or standing position. The flow rate is also
calculated using the pressure drop between the two sensors due to friction. The accuracy in flow

rate is found to be 90%.

A transponder system was designed for the lab prototype which harvests power from an RF
reader. The system design includes a custom designed PCB for the sensor interface circuit,
power harvesting unit and data transmission unit. Power harvesting unit uses RF resonant
powering and an 80 mA regulator which is able to provide a constant 3.3 V DC voltage to the
components. The sensor interface uses minimum number of components and power consumed
by this unit is only 0.47 mA of which 0.44 mA is used for sensor excitation. The sensor data is
collected and transmitted to the reader. The designed GUI displays all the results including the

clog location and flow rate. Also, there is an option of storing the data for further analysis.

79
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The possibility of using the system beyond clog detection and flow measurement is explored.

Using our system, it is possible to measure parameters such as ICP, IAP and pressure at various

locations inside the shunt catheter. By monitoring these, medical staff can get a better

understanding of parameters affecting the shunt as well as symptoms, progress and treatment of

Hydrocephalus. With the additional information, there will be better shunt designs in future.

Future directions for this project may include the following

The shunts are often implanted for long term, i.e. an average of 6 years to even the
entire life of the patient. Aging of sensors and electronics after implant must be
studied using accelerated testing. A systematic and periodic recalibration for sensors
can be explored

The proposed prototype only does on-demand sensor measurement. For continuous
monitoring, a modified version of the system can be used. The present system could
be incorporated with thin film rechargeable battery that can be charged quickly and
efficiently using RF resonant powering and ability to store data in an internal
memory.

Miniaturization of the circuit and sensors so that an animal testing can be done. The
present prototype is bulky and using off the-shelf sensors. The circuits must be made
bio-compatible with suitable hermetic packaging.

RF interference to communication circuitry must be explored. The literature offers
generic platform to study interference but a comprehensive study needs special
equipment such as spectrum analyzer and customized test set-up.
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