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Executive Summary
Hydrocephalus, or the excessive collection of cerebrospinal fluid (CSF) in the brain, is

currently treated by the surgical insertion of a ventriculoperitoneal shunt into the third ventricle
of the brain, which functions as a pressure valve, allowing for excess CSF to drain, relieving
intracranial pressure. Unfortunately, failure is extremely common, as up to 50% of these shunts
fail within two years of insertion, causing increased intracranial pressure (ICP) and inducing
potentially life-threatening symptoms, often times without the patient knowing their shunt has
failed. While other implanted devices such as cardiac pacemakers or implantable defibrillators
have seen significant advancements over the last 50 years, the basic shunt design has remained
relatively constant, and there is still no surefire way of detecting whether or not the shunt has
failed. Thus, there is an urgent need for a shunt failure detection mechanism that not only detects
failure, but communicates that failure to either the patient, the physician, or both.

To solve this problem, a strain gauge differential pressure-sensing mechanism has been
incorporated into the proximal tip of the shunt, which acts to detect the increased ICP values
characteristic of proximal shunt failure. Using an implanted integrated circuit to process the
signal and near-field communication technology to communicate the signal, ICP readings can be
read by a physician or the patient themselves using a smartphone app.

Our “Smart Shunt” design has the potential to make critical advances beyond existing
mechanical designs as it will be the pioneer shunt that detects its own failure through
measurement of ICP and remotely communicates it to the patient/physician. While methods to
measure ICP invasively in the clinic exist (such as the Integra Camino ICP Monitor), there are no
commercial shunt systems that allow for noninvasive, continuous pressure sensing with remote
communications. Thus, we believe a successful rendition of our design will be in high demand

by both physicians and patients.



In terms of design specifics, a micro-strain gauge is sandwiched between layers of PDMS
and placed into the wall of the catheter at the proximal tip of the shunt. As ICP values rise in
coordination with a failed shunt, pressure on the exterior catheter wall will build up, causing the
PDMS window to deflect inward, inducing a measurable strain on the strain gauge. This strain
value (in terms of a voltage reading) will be amplified via circuitry and written to an NFC chip.
Via standardized calibration curves, a given strain measurement will be correlated to a certain
ICP in mmHg. When the NFC chip is interrogated by an external smartphone, the pressure will
be displayed.

To date, the FDA has not required a PMA application for any CSF shunt, and despite its
substantial importance in patient health, the FDA does not require the intense scrutiny applied to
Class Il life-saving devices. As our design will simply monitor shunt function without
drastically changing how it functions, it is safe to say that our device will be treated as all past
devices have been, and will be a Class Il device achieving clearance through the 510(k) process.

There are two potential marketing realms for our design. The first route would be to
market our device as an add-on to an existing shunt, in which our customers would be the
leading medical device companies who currently manufacture “gold standard” devices. An
alternate route would be to develop and manufacture a complete shunt/catheter/shunt valve
system, in which our customers would be hospitals that stock shunts for regular neurosurgical
procedures. In order to ensure maximum market capture, it will be necessary for our device to be

reimbursable by most insurance companies.



1. Problem Description

Hydrocephalus, or the excessive collection of cerebrospinal fluid (CSF) in the brain, affects 1
in 1000 live births and is one of the most frequent indications for neurosurgery in children
(pediatric neurosurgery) . The mainstay of treatment is the insertion of a ventriculoperitoneal
shunt, which functions as a pressure valve for the brain allowing for excessive fluid to drain to
other parts of the body. Unfortunately, failure is extremely common, as up to 50% of these
shunts fail within two years of insertion, causing increased intracranial pressure (ICP) @,
Currently, the only indication of shunt failure is presentation of symptoms of brain swelling and
compression. Due to the high failure rate of the shunts, many patients will suffer from brain
swelling and damage before failure detection. On the flipside, neurosurgeons, having no surefire
way to tell whether the shunt has failed or not, will perform precautionary shunt replacement
surgeries, leading to more exposure and risk. Therefore, there exists a dire need for timely shunt

failure detection, so that a replacement can be installed, if needed, before symptoms manifest.

2. Project Objective Statement

Deriving from the need to failure detection, the project objective statement has two main
components: the design has to detect shunt failure via measurement of the differential pressure
between the brain tissue and shunt tubing, and then communicate this failure remotely to a
device external to the body. The idea behind measuring the differential pressure is simple: most
failure occurs proximally when the holes of the shunt tubing get clogged by proteins or tissue,
and it is this type of failure which is most dangerous and hard to detect. If there is no proximal
failure, there will be free flow of CSF between the brain and shunt, and the pressure will be the

same in both. However, if there is proximal failure, fluid will build up inside the ventricle and



will not flow into the shunt, leading to a differential pressure between the two compartments.

Detection of this differential pressure will therefore be an indication of proximal failure.

3. Final Design Description

The final design will use a strain gauge for measurement of differential pressure between the
brain and the shunt tubing, and a Near Field Communication (NFC) writable chip for
communicating the differential pressure to an NFC enabled smartphone held within 10cm of the
head. A rectangular section at the tip of the shunt will be cut out, and the strain gauge
incorporated into a “PDMS window” will be inserted into this hole. Application of pressure on
one end will cause the PDMS window to deflect, and the strain will be captured by the strain

gauge and output as a voltage value. This will then be amplified by an op-amp and the final

amplified voltage will be written to the NFC chip.
Strain Gauge: PDMS Window
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Several risks accompany this design. First and foremost, there must not be any leakage of
electrical current into CSF. for this purpose, all components must be thoroughly insulated and
sealed, especially the strain gauge and all the wiring. Secondly, all material used in the design
must be bioinert and compatible. PDMS was chosen for this purpose as it has been shown to be
bioinert, does not swell up, and can be functionalized in many ways to different degrees of
hydrophobicity. Another risk would be hindering CSF flow by replacing 4 holes with the

window instead - however, our initial testing has shown this to not be a problem.
4. Final Design Prototype

The prototype will be made for in-vitro, proof-of-concept testing. The strain gauge will be
embedded in the PDMS window and heat-sealed into the shunt tubing. The wiring and NFC
circuitry will be left external to the shunt. The proximal tip of the shunt, with the strain-gauge
window, will then be held horizontally inside a water column filled with CSF simulant
(saline+albumen). The height of fluid will exert pressure onto the window, which will be
captured by the strain gauge and output to the NFC chip, which will then be read by a
smartphone held ~10cm away. In order to make this proof-of-concept more robust, the fluid
height will be calibrated and varied from 0-5 mmHg, which is the clinically significant

differential pressure range expected in vivo. This has not yet been constructed.
5. Proof of Design

Since our design involves replacing 4 holes (out of a total of 24) with the strain-gauge/PDMS
window, it is important to ensure that this will not have any significant impact on CSF flow rate
into the shunt. An experiment was conducted to measure flow rates through the shunt tubing with
different numbers of holes clogged using parafilm. The shunt was then held upside down at the

bottom of a graduated cylinder filled with CSF simulant (saline+albumen), and the flow rate into



the shunt was measured. The data showed no significant decrease in flow rate when up to 6 holes

were blocked, which is proof that covering just 4 will not hinder CSF flow.

# Pores Open | % Area Remaining | Relative Flow Rate
24 100% 100%

18 75% 98%

12 50% 86%

3 13% 75%

0 0% 0%

Further testing is still underway.

6. Patentability Assessment

The shunting technology has seen incremental improvement in recent years. Shunt
development includes activity from major multinational companies, labs at academic research
institutions, and smaller individual research groups. Improvements have ranged from adaptations
of existing implanted devices to novel valves incorporating MicroElectricalMechanicalSystems
(MEMS). A patent search shows increased activity from major shunt manufacturers ©. In patents
from 2006 to 2008, Medtronic described a smart shunt operated on a preprogrammed schedule
involving the use of feedback control, which could be easily incorporated into their existing
marketed designs. A 2012 patent by Codman and Shurtleff described a mechanical valve with a
pressure sensor and an actuator to replace the magnetic adjustment mechanism previously
employed in the Codman-Hakim. In academia, many groups are developing sensors and dynamic
models for the CSF-shunt system, but few groups stand out in terms of failure monitoring, and

smart shunts are often described at the conceptual level ©.



The only promising patent found for detecting shunt failure for hydrocephalus on the USPTO
website is US patent number 9427305. This device utilizes a first tubular prosthesis with a
proximal and distal end, a non-optical sensor that measures the flow in this tubular prosthesis,
and a second tubular prosthesis which is coaxially mounted onto the first prosthesis. The non-
optical sensor is attached, not embedded, onto the first tubular prosthesis and coated with a
material to decouple it from the actual material in the first tube. It detects through either a
piezoelectric or doppler sensor, and claims to detect flow through, strain, pressure, and stress on
the first tube. However, the actual competition from this device for failure detection in
hydrocephalus is unclear due to the fact that it is meant for monitoring blood flow through
synthetic vascular grafts in the heart. Flow through vascular grafts are many times faster and
displace magnitudes more volume than ones in shunts for hydrocephalus. Therefore, the
detection method for blood flow might not have the required the same sensitivity as that for
detection of flow of CSF(!9),

Our Smart Shunt design, using a strain-gauge, is novel and is not anticipated to have IP
overlap with existing patents. It has the potential to make critical advances beyond existing
mechanical designs as it will be the pioneer shunt that detects its own function through
measurement of differential ICP and remotely communicates it to the patient/physician. Due to
its focus on failure detection, it will be in high demand by both physicians and patients.

Therefore, it should be patentable.

7. Anticipated Regulatory Pathway
Although CSF shunts are necessary to aid/sustain life in many hydrocephalus patients and

shunt failure can lead to death unless quickly detected and treated, CSF shunts have been

classified as Class 11 in the Code of Federal Regulations -21 CFR 882.5550 ®). According to the
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1999 Systemic Technology Assessment of Medical Products Conference, the decision to classify
shunts as Class Il devices was based upon the ideas that standards could be written to assure the
safety and effectiveness of marketed shunts, and that the clinical experience over the years had
proven shunts to be reasonably safe and effective . Class 11 devices do not generally require
PMA, but premarketing notification via the 510(k) pathway must be submitted to and cleared by
the FDA, giving the FDA the chance to assure that both general and specific controls are met.

In order to move through the 510(K) pathway, shunts must demonstrate the device is
substantially equivalent to a currently or previously marketed predicate device. A search of the
FDA database of devices classified under the code JXG (reserved for central nervous system
fluid shunt and components) shows that all devices, including those of leading manufacturers
Aesculap, Codman, Integra, Medtronic, were cleared as substantially equivalent ). To date, the
FDA has not required a PMA application for any CSF shunt, and despite its substantial
importance in patient health, the FDA does not require the intense scrutiny applied to Class IlI
life-saving devices. As our design involving the detection of failure in a shunt apparatus will just
monitor its function without changing how it functions, it is safe to say that our device will be
treated as all past devices have been, and will be a Class Il device achieving clearance through
the 510(k) process.

8. Reimbursement

Currently, ventriculoperitoneal shunting procedures fall under Current Procedural
Terminology (CPT) code 62223®). Procedures which fall under CPT code 62223 are eligible for
federal reimbursement, and, in 2000, roughly 51% of ventricular shunting procedures were
covered by either Medicare or Medicaid (with the rest being covered by private insurers)®. Our

proposed device adds on functionality to current shunt designs. Thus, it is not anticipated to
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dramatically alter or fundamentally change the nature of the shunting procedure. Because of this,
we do not anticipate our design introducing disqualifications for federal reimbursement or
requiring reclassification under a new CPT code. Hence, we expect it to be reimbursable by

Medicaid/Medicare.

9. Anticipated Manufacturing Costs

The valve, catheter, and shunt tubing should be consistent with current costs of the individual
components. The strain gage from Omega Engineering cost about 140 dollars for 10 units,
equalling a total cost of 14 dollars per unit. If bought in bulk, the total cost of strain gages is
estimated to drop to about 8 dollars a unit. The cost for the microcontroller, in our case the
Arduino, should range from 30-50 dollars per unit. However, the use of a much smaller
microcontroller is needed for implantation, which would increase the cost of the microcontroller.
The battery components should be rather inexpensive due to the capacity of the battery only
needing to be about that of a phone battery. With wiring and installation, we estimate the battery
cost to be around 15 dollars per unit. The NFC shield component would be about as expensive as
the microcontroller since the shield needs to be able to constantly write data to an NFC tag. This
should be similar in cost to the microcontroller of about 50 per unit. The total cost of installation
of components and materials would add only a slight cost of about 40 dollars per unit, including
the PDMA backing. Finally, quality assurance would be the most expensive aspect of the unit,
however it is hard to predict the actual cost of this aspect. Overall, we estimate the cost to be

about 350 dollars per unit on top of the cost of the shunt tubing, valve, and catheter.

10.Potential Market

We are aiming to make a new shunt with a failure detection system embedded into it. Since

this will be a complete design, ready to be implanted into patients, our direct customers would be
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the hospitals that stock shunts for neurosurgical procedures. Ultimately, physicians will
administer the product, and the end user will be the patient who is having the shunt and shunt
monitoring mechanism implanted. The patients will be children mostly under 5 years of age.

The prevalence of congenital and infantile hydrocephalus in the U.S. and in Europe is
estimated to be between 0.5 and 0.8 per 1000 still and live births®. According to the CDC there
are approximately 3.9 million live births per year in the U.S. and 5.09 million in Europe®. Using
these numbers, there are approximately 5,800 cases of congenital and infantile hydrocephalus per
year. Additionally, as much as 50% of the shunts used to treat this condition fail within two
years. It is then reasonable to assume that 25% of the shunts implanted in patients will fail
annually. If tis 25% is assumed to be of 5,800, then the total number of shunts used on patients in
a year will be 5,800+1,450, which equals 7,250 shunts. Even without drastic assumptions and
with the knowledge that a non-negligible portion of the current patient population utilizing these
shunts will experience failure in a given year, we can be sure that the market size is represented

by more than 5,800 cases per year.
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mmpact strategic advice and analytical services to a top bio-pharmaceutical company with a promising hemophilia asset
e Conducted market research for 20+ international markets to inform estimates on asset’s potential pricing, access, and
reimbursement, and conducted primary research to gather physicians’ views on asset’s clinical profile, expected use, and
estimated market share
e Performed extensive research to update a firm database capturing the entirety of Cell and Tissue-based therapies currently in
clinical development, analyzed notable trends in the field, and presented findings to the firm
Vanderbilt University Residential Education, Nashville, TN Spring 2015 - Spring 2016
Resident Advisor (RA) of Freshman Residence Hall
e Mentored and supported 85+ first-year students
e Fostered an environment promoting academic and personal development
o Worked with Residential Education Team to create programs, manage budget, and enforce campus policy
Vanderbilt Umversity School of Engineering, Nashville, TN Fall 2015
Teaching Assistant to Dr. Kenneth Pence - Department of Engineering Management
e Provided group and individualized mstructional support to 40+ students in Engineering Economics
o Attended all class sessions, held weekly office hours, created and evaluated weekly assignments, 3 Mid-Terms, and Final Exam
Camp Stevens Episcopal Summer Camp, Julian, CA Summer 2014, 2015
Resident Staft Member
e  Planned for, supervised, and led groups of elementary, middle, and high school-aged campers for weeklong overnight sessions
o Led 12 counselors-in-training in an intensive 10-day program to teach group dynamics, positive forms of communication,
conflict resolution, and interpersonal relations to actively facilitate their development as successful counselors
e  Cultivated campers’ knowledge of sustainability and environmental stewardship by working at an on-site organic farm and
garden, educating about the local flora and fauna, and practicing Leave-No-Trace philosophy

Community Involvement & Leadership

Big Brothers Big Sisters of Middle Tennessee, Nashville, TN Fall 2018 - Fall 2015
Mentor to 8" Grader at Kirkpatrick Elementary
e Mentored “Little Brother” weekly at his elementary school and helped to greatly improve his literacy

‘Dore for A Day: Vanderbilt University, Nashville, TN Fall 2013 - Fall 2015
e Hosted prospective students and provided a unique and informative Vanderbilt campus tour
Vanderbilt Eco ‘Dores Peer Residential Education, Nashville, TN Fall 2013 - Spring 2014

Eco ‘Dore Council Member
e  Created and implemented sustainable practices on Vanderbilt’s campus by increasing the amount of recycling containers,
mstalling low-flow showerheads, and setting up water bottle filling stations in academic buildings

Technical Skills & Relevant Coursework

Computer:
e  Mathworks MATLAB, Wolfram Mathematica, Microsoft Excel, Microsoft Word, Microsoft PowerPoint
Biomedical Engineering;:
e Biomechanics, Biomedical Materials, Physiological Transport Phenomena, Applications of BioMicroElectricalMechanical
Systems (BioMEMS), Systems Physiology, Biomedical Data Analysis, Biomedical Instrumentation
Mathematics:

®  Multivariable Calculus, Methods of Ordinary Differential Equations, Linear Algebra
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