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1. INTRODUCTION

Catheterization is a common procedure used dusitegreal ventricular drainage (EVD), ventriculoperieal shunt
(VPS) placement, as well as a variety of additigmakedures, such as central venus catheter (C\Cgment,
hemodialysis, epidural anesthesia and lumbar pun¢itoma, 2009). However, the vast majority of ethizations
are guided using only external anatomical landmérkguidance, resulting in shockingly high erratas. Up to
60% of VP shunts are placed incorrectly and uph bf CVC procedures result in placement related
complications (Kakaria, 2008). Complications induatterial puncture, hematoma, pneumothorax, aedtion
leading to increased lengths of stay, additionatedure time and expense, and even death (Budt95).
Although catheter guidance systems exist, thegangplex and time consuming making them unsuitadnle&=R
and ICU settings where many catheterizations occur.

Dr. Mourad’s lab requires a disposable and stei#ee of electronic equipment that could be attddbehe guide-
wire of the catheter. This wire would contain a Brb@ MHz transducer (1 mm wide) at the end ofwhee, within
the catheter. The electronic device would powetttiiesducer with a short pulse, and process thasoitind
information received. The lab expects that uponiriBertion of the transducer into the ventricleréhwould be
large increase in acoustic impedance, from thétebrain, to the ‘fluid sac’ of the ventricle. Shincrease would
be identified by the electronic device, and wouklelly signal the surgeon that the catheter it betaded in the
right direction as well has reached its destinatidre device would be required to run for no mowent10-30
minutes, and would be powered by a lithium iondrgttThe aim of this project is to develop the glmtics and
software for a miniature, disposable ultrasoundesyshat could be used to improve the precisiocatiieter
guidance in high intracranial pressure surgicatedures.

Initially a design was made for the system in gany miniaturized form, and through the courséhefyear, it was
revised, in response to challenges and new desiggrirements. A connection diagram was made tw sttio
necessary components for the miniaturized devicdisplay format and power solution was chosenHerdize,
weight and power specifications. Finally, a billméterials was created and updated throughoutrdwegs as well,
which reflected not only the total cost of buildiagingle prototype, but also the projected costlggice on an
estimated production rate of 10k/year.

The system would be built in two stages: firstjratial prototype, which would be operated by powapplies and
be approximately the size of a shoebox. The disfgathe first prototype would be in the form oMatlab GUI
that would be updated to show 1) the signal, arti€physical interpretation of the signal (disesfrom the
catheter tip to the ventricle, as well as othedtaarks (ex. the skull). This initial prototype cddde used in animal
studies (pig brain studies) to validate the cldiat the device can identify when the transducaimeed at the
ventricle, and the distance to the ventricle. Fapéicity, I'll be using the title VentriGuide taefer to the
ultrasound guidance prototype, and EchoGuide MédiE#éhe company name used at the Business Plan
Competition.

2. REQUIREMENTS SPECIFICATION

A. Miniaturized Device Requirements

The VentriGuide device sends a high voltage pulsas to the transducer, and analyzes the A-madg (1
ultrasound transducer response for distance taigkninformation, which is evident from ventrickeall and tissue
pulsitility information in the response signal. $tnformation is displayed in a visual format osnaall LCD screen
located at the top of the device, which displaygs$atice information to the neurosurgeon. In thelthiototype
iteration, a multi-element transducer could be usdaddicate the direction the surgeon has to nithegransducer
to get line of sight with the ventricle (shown watrows around the circle in Figure 5). In thetfirsniature
prototype, the device would indicate placementrigjdating when the ventricle/brain signal-to-naiggo had
crossed an experimentally-determined threshold;wioiuld be displayed by the intensity of the damuthe LCD
screen and the final blinking of the circle to icatie that the line of sight had been found.




The miniaturized device CAD drawing (created byechanical engineer at the Mourad lab) is below, sivmivs
the eventual multi-element user interface (Figyrel'he blue area of the device represents the LeZ&es, the
green area is the electronics, and the dark gesy r@presents the batteries. The dimensions ofrthikel were
based off of my initial electronics design for théniaturized device and each of the componentsedsions.

To use the device, the surgeon holds the deviagealte ergonomic handle of the device, and loalesgtt down

the flat upper surface of the device to the tangbtle keeping the LCD screen in view. In this sitag transducer
element device, the surgeon would move the dewidi® surface of the brain, inside the burr holtheskull that
had been created, until the SNR threshold is cdoard the circle begins to blink.

Figure 1: VentriGuide Drawing

B. First Portable Prototype Requirements

In the initial prototype, the requirements are igpthy the ultrasound signal in real time ontofda screen with
analyzed distance information both available fdvugging purposes. Also, the initial prototype hdsrmebox”
size constraint with no hard weight limit, compatedhe handheld, low-weight requirement of theiatiirized
device. In the design process, components thatlaoake fast prototyping possible (with evaluatioatas) were
favored, but each component was also evaluatedelradted for its compatibility with the final degis size,
weight and power requirements.

Design Requirements for VentriGuide First and FinalPrototype

Design Requirement First Prototype Final Prototype
Technology/Data Capture Ultrasound (10 MHz), data capture | Same
hardware part of design requirement
Battery Life N/A (power supply/wall outlet) 10-30 minutes
Battery Type N/A Primary (Disposable)
Size (First Prototype) Shoebox size Final dimensions (Figure 11)
Voltages High (200 Vpp) May be up to 400 Vpp
Weight (First Prototype) No hard requirement, but needs to beNo hard requirement, but cann
portable significantly detract surgeon
from performing the procedure
Sampling Rate > 50 million samples/second Same
(at least 5 samples/period)
Type of Data Analog from transducer Same
Data Storage (First Prototype) None None
Data Display Medium Laptop Miniature LCD (1 in x 1 in)
Type of Data Displayed Real-time ultrasound response Graphical displaypémigation
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waveform for debugging (Figure 5)

Data Processing Signal processing in hardware Signal processing in hardware
(bandpass filtering) (bandpass filtering) as well as
software (IQ-demodulation,
additional filtering)

On/Off Switch ‘Enable’ button on ultrasound pulser| LCD pushbutton initiates the
board device

3. DESIGN SPECIFICATION

The portable prototype connection diagram acteal ‘hging document’ throughout the design procesd was
continuously updated based on new information emabteshooting. The diagram below is from March20dnd
has been included because the first pcb (for ths gzat weren't on evaluation boards) was desidraesed off of
the connection diagram below (Figure 6). The fuorctif each of the evaluation board components)gkai@ed in
further detail below:

Ultrasound Pulser

The Supertex MD1822DB3 board is an ultrasound pideard which has a variety of pre-programmed oystior
number of pulses in a group, and signal frequefidye input voltages to the board determine thewutpltages,
the board outputs each group of pulses at 5 kHe.bidard also has the capability to output up to\290. In the
initial prototype, the pulser was set to 8 pulseles/group, 10 MHz (to match the 10 MHz resonamneguency of
the transducer), and output swing voltages of A1@hd —100 V (the maximum capacity of the board).

TX/RX Chip

The TX/RX chip allows for the travel of both thérasound pulser output as well as the transdusgorese within
the same channel, by ensuring that the high voltagjgut of the pulser doesn’t reach any of the rotireuitry
except for the transducer (those high voltages evdaimage any of the other components). The TX/Ri ahly
allows voltages below a 2 V threshold to pass thnoin this voltage range, the ultrasound respcasepass
through, and the remaining circuitry is protectsdell.

ADAA4817 Board (Used to Design Bandpass Filter)

The ADA4817 is a low noise, high gain-bandwidthghrot op-amp — this allows for high amplificationtbé 10
MHz ultrasound response signal. An Analog Devic€8®oard designed for this chip was also usedesstray
capacitance at the inputs could cause suboptintfidrpeance of the board. A'%order bandpass filter design that
uses a single op-amp was picked, since it wouldiredewer chips and would decrease the overatl @ogoods.
Since the board that was used with the chip wamrfectly suited for the placement of componenthis manner,
Analog Devices recommended ‘sky-wiring’ the remagncomponents, which means that thin wire wouldided
to connect components that didn’t have traces aigilin the board, and that in cases where opeleispads were
not available, the components could be soldere¢det@dge of solder pads that were being used gy oth
components. Due to the time constraints at the, tand the level of magnification and experienceimegl to do the
PCB soldering and sky-wiring, a contracted engimpéeced this component together.

AD8138 (Differential Amplifier)

The differential amplifier wasn't used to furthenplify the signal, but to level shift the signabiin being centered
around 0 V (ac-coupled) to be centered around 1\hith is well in the input voltage range for # converter.
This way, the entire signal could fit in the 1 Vipput range of the ADC.

A/D Converter

The ADC is 8-hit parallel output, 80 MSPS (millisamples per second), which can satisfactorilylfiNfyquist
requirements for a 10 MHz ultrasound signal. A perautput ADC was picked because the alternatieald be to
1) get a deserialization circuit that could coneserial output ADC to data that the microcongmotlould read, or
2) be restricted to FPGAs that had a specific fhat could read serialized data.
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Microcontroller

The microcontroller reads the output pins of theG\vhich would be tied to the microcontroller’s inpins), fills
a buffer, and sends the buffer over UART to MATLAB a laptop. In the final prototype case, all sigimacessing
would be performed on the microcontroller, andrierocontroller would display an image on the srh&aD
button screen.

LCD PushButton (NKK Switches) — Miniaturized Prototype

The LCD programmable pushbuttons by NKK Switcheghsome of the smallest LCD screens in the world. A
pushbutton was chosen because the pushbutton loeuwlged to initiate the device, acting as an ‘aritch when
the surgeon is ready to begin. The device can berzmicated with using SPI protocol, where the erititage to
be displayed is sent to the screen to refreshutgub An example of the NKK pushbutton switch dasps shown
below:

Figure 2: NKK Programmable LCD Pushbutton (62 X 32 pixels) (Taken from NKK Switches Website)

Ultra Thin Primary Lithium Cells (Powerstream) — Miniaturized Prototype

Another product that came up in researching compisrier the miniature device was the ultra-thingrary lithium
battery, provided by Powerstream. These lithiuntebits are rated at 3.0 V, and are 2.9 cm (width)Oxcm
(length) x 0.45 mm (thickness). This makes themesofrthe smallest lithium batteries available fueit level of
current availability. Powerstream also offers regkable cell options in slightly larger sizes, @se the device
design changes to partially-disposable (vs disdepab

Figure 3: Ultrathin Lithium lon Batteries, less than 1 mm thick (Taken from Powerstream Website)

All of the initial components for the first protqtg were displayed in a connection diagram (FigyrdBe PCB
designed to house the components that did not egtheevaluation boards is shown in Figure 9.

A connection diagram was used instead of a trawitischematic mainly because of the time consgaind the
intended use of the document, which was to obtaotes from various prototyping companies that caunéshte the
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PCB as well as box up the prototype. The contractesipany mentioned earlier (to solder the bandfiéesy was
also contracted to solder the small componentesigdied PCB board as well.

Ultrasound Prototype Connection Diagram
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Figure 4: Prototype Diagram March 2012
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Figure 8: Mechanical Diagram (Left), Simplified Diagram (Right)

4. SOFTWARE DESIGN

5.0cm

Although the software was not implemented in theigke an overall design approach was created ford
incorporation.The software design approach is described t by afunctional decomposition, anc state diagram:

US Guidance
System
|
I | | | | |
Amplitude, .
Collect ADC Data 1Q . Time, Depth PuIS|t|I|.ty d LCD Display
Demodulation . Calculation on

Calculation
Function Parameters Output Description Hardware Involved
Collect ADC Data None Ultrasound voltage| Interprets ADC digital input MCU input pins tied

data (unsigned int

and represents it in terms of thgo ADC outputs
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VoltageData[ ] ) voltage range of the input
signal
1Q Demodulation unsigned int unsigned int Removes frequencies aside | None
VoltageData[ ] USData] ] from the fundamental
frequency of the transducer
Amplitude, Time, unsigned int USData[]| VentriDepth[ ] Calculates ventricular None
Depth Calculation VentriAmp[ ] amplitude and depth from time
VentriTime[ ] information derived from the
peaks in the USData[] buffer
Pulsitility unsigned int USData[ ] BrainPuls][ ] Calculates pility from None
Calculation response time-shift information
derived from the USData[]
buffer
Threshold VentriDepth[ ] unsigned int Calculates whether ventricular None
Comparison VentriAmp[ ] ThresholdComp amplitude/depth/time/pulsitility
VentriTime[ ] measurements are consistent
BrainPuls][ ] over time, and fit threshold for|
ventricular placement
LCD Display ThresholdComp boolean Converts ThresholdComp to 4 LCD
YesCathTime saturation level for the inner
circle on the display. If the
input ThresholdComp exceeds$
an additional threshold, the
inner circle is highlighted
strongly and made to blink.

1. Collect
ADC Data

5. Update

2. Process

Display

Signal

4. Compare 3. Extract
to Ventricle
Thresholds Data

Figure 9: State Diagram for Software Flow

5. ALGORITHMS
Distance Calculation

The distance algorithm is simple; the response fitmartransducer is identified by evaluating ifibgses an
amplitude threshold. The time value correspondintné signal crossing the threshold is convertemlardistance
value, based off the speed of sound in brain tis$d&40 m/s. Since this distance is based ofhefrbund trip
travel time between the transducer output andebeived response, the final distance is dividetivmyto calculate
the distance from the transducer tip to the veletric




IQ-Demodulation Calculation

IQ-demodulation can help extract pertinent respaada from other frequencies, in addition to thteasbund band
pass filter. IQ-demodulation involves three stefmsyn-mixing, low-pass filtering and decimation.

Down-mixing involves multiplying the real signaltivia complex sinusoid, which moves the frequenecspm of
the signal down to be centered around f-demod.

XIQ (t)=XRf (t) -exp (—iZTEfDemod . t)

Low-pass filtering using a Hamming window is perfead to remove frequencies and noise outside theedes
bandwidth of the final signal. Finally, decimatimvolves finding the smallest integer fraction 620 that's
greater than twice the filter cut-off frequencyistinteger indicates the nth sample that shoulcetsned in a final
buffer to reconstruct the signal from the frequedoynain. The reconstruction is performed througérpolation,
zero-padding, low-pass filtering, and up-mixinge(tieverse of the 1Q-demodulation steps).

Ventricle Identification

To identify the ventricle, an array of amplituddues is compared to a threshold. The amount ofegaln the array
which cross the threshold determines the interditiie circle on the LCD display. If the numbenafues crosses
an additional threshold, the angle of the transdisceptimal for guidance, and the circle on thelLi8 made to
blink.

6. TEST CASES
Initial test cases included:

- Verify output functionality of the ultrasound pulse

- Verify ultrasound response visible on the outputhef TX/RX chip.

- Verify the function of the bandpass filter using flanction generator as a noise input.

- Verify the functionality of the ADC using the fumzh generator as an input.

- Verify UART data transmission.

- ldentifying the ultrasound response from the fétésignal with transducer pointing at glass wall

- Moving the transducer and watching the transduegpanse move. Estimating distance at which the
transducer response is indistinguishable from n@sam).

- Using the device with a tissue phantom which mintfesultrasonic properties of the brain, looking tfe
ventricle, which is 2 cm deep on one side of thenpdm, and 4 cm deep on the other side.

- Use the device or a comparable device in a pigystudetermine whether the ventricle can be seen.

.
7o

e

Ultrasound stylet directed at tissue

Simulated ventricle in alginate
phantom

Figure 10: Tissue Phantom (Ventricle is the blue shadow on left image)
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7. PROGRESS

Figure 12: Current Boxed Prototype
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Tissue Phantom Testing — Successful at 2.5 cm

View of ventricle location using
imaging ultrasound

Identification of phantom ventricle
location using prototype

Figure 13: Tissue Phantom Results — 2.5 cm

At the time of doing the tissue phantom study,réred-time display of data hadn’t yet been accorhglis so the
output of the bandpass filter was directed to #$alloscope to visualize the data. With some avietaghe front
and back brain-ventricle interfaces in the linghaf transducer can be seen above. An ultrasoungkimalso
shown above it for comparison, and shows the @istinction in impedance between the ventricle Kland its
surroundings. The beginning of the signal in Figl@gthe concentrated region) is the 8-pulse higtage cycle
from the pulser after being clamped by the TX/R}pthvoltage protection diodes.

The following table illustrates VentriGuide’s sussen passing its test cases:

er

e

[

()
-

Test Case Description Success| Failure Points Comments
(y/n/
partly)
Ultrasound Pulser 200 Vpp output, 8 Y
Functionality pulses per cycle, 5 Khz
cycle
TX/RX Functionality | Allows voltages below | Y
1.4V to pass through,
with the two diodes
clamping all higher
voltages to 1.4 V
Bandpass filter 10 MHz center Y Using the same evaluation board, the filter
functionality frequency, 1 MHz components could be chosen for a small
bandwidth, Gain 100 bandwidth and higher gain. 1 MHz was &
conservative choice, largely driven by tim
constraints.
Due to the later SNR problems with the
tissue phantom, I've revised the bandpasg
filter for higher gains; the component
values are included with the MATLAB
code in the appendix (Appendix B)
Differential Amplifier | Levels input signalto | P Added Noise Due to either PCB design (long leads)
functionality be centered at 1.5V the chip itself, the signal was corrupted
instead of 0 V with too much noise. It couldn’t be
rerouted through the bandpass filter, eith
because the filter would filter out the DC
offset on the signal
ADC (AD9283-50 50 MSPS, 8 bit parallel| P Due to the A different ADC was selected (AD9238-6
MSPS) output added noise MSPS) which could interpret a signal
from the centered around 0 V, with a higher bit

o1
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differential
amplifier, the
ADC'’s

output. The downside of making this
switch was the higher cost of the ADC.

performance
became
irrelevant.
REPLACEMENT 65 MSPS, 12 bit This ADC has a | The ADC successfully displays the input
ADC parallel output demoboard signal on a laptop with the VisualAnalog
which can software. The downside of this ADC is th

ADC (AD9238-65
MSPS)

accept a signal
centered at 0 V,
thereby
circumventing
the need for the

it is not integrated with the rest of the
system, and that it adds some small nois|
spikes to the displayed signal (See
Appendix Figure 18 and 19)

At

[

30

AD8138
differential
amplifier
MCU Sample ADC output System clock | Misunderstood the datasheet; the MSP4
(MSP430F5438) configuration could take an external crystal up to 32
too slow to MHz, but the system clock can only go u
sample the ADC| to 16 MHz regardless of the external clog
at more than the| This frequency isn’t enough to satisfy the
Nyquist Nyquist frequency.
frequency
The MSP430F5438 was replaced by the
uno32 board, containing the
PIC32MX320F128H, which has a system
clock capable of going up to 80 MHz
REPLACEMENT Sample ADC output MCU can sample ADC outputstmwer
MCU frequencies; software has to be refined t¢
speed up sampling for higher frequencies.
PIC32MX320F128H The hardware is capable of the sampling
speeds required.
UART Connection Real time display of Display of data | Given 1) time constraints, 2) the

ADC sampling

successful at
lower
frequencies

understanding that the solution would be
about finding a good compromise betweg
buffer size and data transfer (refresh) rat
and the knowledge that the UART code
would not extend to a final prototype, a
decision was made to obtain a larger
companion board for the ADC which
already had the capability of providing
real-time data display.

=]

U

Functionality of
UART Companion
Board for
Replacement ADC
Board

Real time display of
ADC sampling

Display of data
successful at
relevant
frequencies

See Appendix Figure 18 and 19

Tissue Phantom
Testing — Part 1

Ventricle at 2 cm

SNR somewhat
low; can be
increased with
averaging in the
microcontroller

See Figure 12 for image

Tissue Phantom Ventricle at 5 cm Signal too Signal is lost in the 10 mVpp noise.

Testing — Part 2 attenuated Greater SNR is required through better
bandpass filter design.

Tissue Phantom Ventricle at 5 cm See Appendix Figure 22 forage

Testing — Part 2 with

Panametrics

Tissue Phantom Looking for reflectance Signal too This step was done to troubleshoot Tissu

Testing — Part 3 from glass wall through attenuated Phantom Testing Part 2, to examine at

(Debugging Part 2

pure tissue phantom (n

what depth of pure brain tissue phantom
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Failure of Device)

ventricle)

(no ventricle) a perfect reflector (glass
wall) be identified in the first place. It wag
discovered that at more than about 2 cm

away, the signal becomes too attenuated.

Since the noise of the system is only abo
5 mV, the amplified signal of <5 mV
indicates an original signal of <1 mV.
Higher amplification with the band pass
filter could increase the range of depth of
the device, as well as alternate transduce
shape design, or lowering the frequency
the transducer.

oy
of

Testing with air-
backed transducer orj
tissue phantom

Determining whether
SNR was improved or
not by an air-backed
design, which can
increase the output
power of a transducer
by 2-5x

SNR is higher
using the
panametrics
commercial
ultrasound
pulser/receiver

SNR appears to be approximately x2
compared to the previous SNR of the oth
transducers. However, the air-backed
transducer is much more fragile and
additional mechanical design may be
required for the final device as a result.

Testing panametrics
pulser/receiver in
Vivo on a pig

Determining whether a
commercial benchmark|
device could be used ta
show proof of concept
with the air-backed
transducer

Ventricles can
be identified, as
well as the
region between
the ventricles
(the fornix)

See Appendix Figure 23 for ventricle
image

Increasing SNR with
larger gain bandpass
filter

Changed gain from 100
to 1000

SNR is higher,
but filter appears
more unstable —
gives an
oscillating
output when
particular pulser
cycles/pulse
settings are useq

Bandpass filter formula will need to be
reviewed for stability as well as gain, with
greater steps during evaluation of the
bandpass filter than just SNR
measurements.

Increase SNR with
shielding (box)

Boxing up device and
connecting power with
banana plugs instead o
alligator clips

f

SNR is
improved; noise
only decreased
by about 30%

though.

SNR might be further improved with usin
better shielded banana plugs, as well as
with shielding on each individual board.

Additional Notes:

Bandpass filter Functionality

Further testing of the bandpass filter in comparinig the panametrics device reveals that it iseent to a 22 dB
setting on the panametrics device. This implies inaisions of the bandpass filter design, whileréasing the gain,
did not increase it to the levels anticipated. €nilly, passing in a function generator input aMiz and 6 mVpp
results in an output of 60 mVpp, which indicatesttine equations which represent the bandpassdiléenot
translating into practice. Examining the pcb boaiakeup for how it may be affecting the bandpasstfil
performance, as well as tweaking resistor/capae#hres usingthe function generator as an inpuiddoe used to
refine the filter design until the desired functiity is obtained.

Replacement ADC

Due to time constraints, an ADC with a readily éalslie demoboard and USB interface board was baogmeet
deadlines for boxing up the device. The true redsinnd the noise in the AD8138 chip and the respinefficacy
of the AD9283 chip is likely due to poor PCB desigther than the chips selected. Further debuggfitige PCB
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design with outside contracted engineer advicediatt the project towards miniaturization withduttther
redesign.

8. TECHNICAL CHALLENGES

Some of the major technical challenges involvethis project involve the high frequency, high vgkasmall
signal response, and small size constraints ofi¢lvéce. These, in conjunction with new informatresulting in
different technical requirements, have been thenreaurce of technical challenges in this projebede challenges
have been further explored below:

High Frequency, Small Signal

The challenge of sampling a 10 MHz ultrasound dignénat the Nyquist frequency requires an ADChwvéthigher
sampling rate than 20 MSPS, and for true data Wi#@n, at least five points per period wouldibeal (50
MSPS). For a higher level of signal representati@imed to use a board with at least 50 MSPS samphte, and
ended up picking one with 65 MSPS.

The raw, small signal response from the transdotksss than 10 mV requires bandpass filtering itiigh level
of gain to increase SNR as much as possible. Tiesesquirements of high gain and high frequenaylsimed
requires ADC boards with a high gain-bandwidth picidGBP). To increase the signal response 50x@hamum
of 20 MSPS, the GBP of the chip would need to Heasdt 1 GHz. Within this small population of AR&aluation
boards, there are even fewer which can outputidgtarallel. Most can only output in parallel LVD@hich
imbeds additional information and requires an agid# deserialization chip to interpret the dathe Henefit of
picking a parallel output over a parallel LVDS auitfs that the speed of interpretation is fastes;downside is the
larger footprint of the parallel output chip duethe larger number of output pins involved.

The fast attenuation of ultrasound in tissue makegain choices even more difficult. At short distes, an
ultrasound response of 10 mVpp with a gain of 4IdB) would become 1 Vpp, which is the breadtmpftit of
many ADCs. However, this gain setting is insuffitiéor the 10 MHz system to identify a ventriclegter than 2
cm away (see Test Cases below). On the other lbagain of anything above 200 would result in satonsof the
return signal at small distances — with ADCs withirgout range of 2 Vpp. Since greater precisiofadher
distances is more important than saturation attshdistances, the bandpass filter was eventuakyotied for a
gain of 1000 (65 dB), which is similar to the géonnd on some commercial pulser/receiver ultras@aystems
(Panametrics).

High Voltage, Small Size

The use of high voltage components in a small ftawtor requires a preference for low power comps)esince
the small size of the device (3 x 3 x 5 cm) doegive room for most battery-only solutions. Luckilywas able to
find extremely thin 3 V lithium ion batteries aBZm x 2.9 cm that were 0.45 mm thick. Using ordjtéries and
some power regulation circuitry, these batteriaddproduce 300 Vpp and power the system in series.

If higher voltages are required or if there arebpems discovered in tying the multiple batterieseénies, voltage
step-up circuits can be used to obtain even higbkage outputs. The downside of these circuithas they could
add substantial cost to the device, especiallizéncase of incorporating transformers (range irnthedreds). A
cheaper alternative would be to have multiple \gdtatep-up regulators in a cascade — this altematilution
could be achieved for less than $50.
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9. ADDITIONAL LEARNING
A. Ultrasound Simulation in Brain (MATLAB, K-wave Tool box)

In my proposal to the SAC committee, | mentionegldFii being the software that I'd use to simulassducer
activity in brain tissue. Upon researching thewafe further, | discovered that Field ii is widelyed for transducer
design in general, but not for simulating biologieavironments. At the beginning of autumn quarter,
experimented with the k-wave toolbox in Matlabsbmulate the ventricle in the brain. Though myiatisimulation
wasn’t precise in terms of modeling the charadiesf the transducer we would be using, it diehiify the
method of using both reflections from the front &agk ends of the ventricle as a method for idginif the
ventricle visually.

0.2

Sensor Position

1-0.2

{-0.4

0.6

0.8

200 400 600 800 1000 1200
Time Step

Figure 14: K-wave Matlab Toolbox Simulation

In the figure above, the two waves of hormalizegkpure responses can be seen at sensor positivhitB,is the
position closest to transducer (the black waversdfethe initial pressure wave). The reflectioritef ventricle wall
closest to the transducer has pressure refleatiensities of about 20-60 % of the original pressatensity, and
the intensity of the second reflection is betweel®® of the original.

B. UW Business Plan Competition

During the design process, | made estimates odélie cost in bulk (> 10k units sold/yr) and coo&d learning
about the business aspects of bioengineering alWiéusiness Plan Competition. In a team compos$ddisiness
students and other bioengineering students, | biesta research other applications of the Ventrid@udevice, such
as with urinary catheter and lumbar puncture mandsgarch. At the Investment Round, | was one@féam
members that spent a day pitching the the Ventd&device to entrepreneur judges, who decided wtoofipanies
they would invest in. Our team succeeded in geititmthe Sweet Sixteen round, and we also worBtt
Technology Idea award for $2500.

The following images illustrate some of the teclogiadal, market (and product) research that | hefpetitate:
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Component List Small Batch In Bulk

Ultrasound Pulser 515 57
Max220 Chip 53 53
Bandpass filter o4 54
Analog/Digital Converter 525 520
Microcontroller 57 57
Thin/Flexible Lithium lon Battery 530 520
LCD Screen 530 $20
Metal Stylet S8 58
Plastic Injection Malding 55 55
Miscellaneous Parts 510 59
Total Wholesale Cost 5137 5103
Manufacturing Labor, etc 569 531
Total COGS per Device 5206 5134

Figure 15: Cost of Goods (COGS) for Final Device in Small Batch and Bulk

Potential Markets
(Annual Procedures in the US)

CVC
3.2m . .
5.0m Dialysis
ADDK Arterial Line
400k
Lumbar Puncture
Epidural

Figure 16: Additional Markets for Guidance Technology

10. CONCLUSION

This project successfully established the baselewgn for a portable ultrasound system for refiguntracranial
pressure. The system can identify ventricles impdras at 2.5 cm. Improvements to the bandpass, filtereasing
the voltage to the system or improving transduesigh, and added processing on the microcontI&f/chip end
will improve the device’ efficacy in identifying wicles at larger depths.

11. NEXT STEPS AFTER FIRST PROTOTYPE

To begin miniaturizing the device after the firsbiotype is completely functional, the followingps need to be
taken (assuming that the pulser and overall dedigine device doesn’t change significantly):

A. Developing simplified, refined circuitry for ultrasnd pulser
B. Miniaturization of ADC
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C. Battery + Power circuitry development
D. PCB Design for all combined components to fit ifit@l device dimensions

12. FUTURE CHALLENGESAND IMPROVEMENTS
The following would be the next targets in imprayithe current VentriGuide system:

Next Challenges:

Noise Reduction/SNR Optimization

Due to the high signal frequency of this device Hralow SNR of the unprocessed transducer signahs harder
to create fast prototypes, since adding any newpooient involved evaluating its noise contributiand many
initial prototyping techniques (alligator clipsnig wires, etc.) become significant contributorsnidiurization onto
PCB boards becomes a requirement by necessitglfievee higher SNR), and time for evaluating eadp &hlost
or postponed.

Revision of Frequency/Power (Directionality and Deth compromise)

Currently based on testing the device compareldgd®anametrics pulser/receiver (see Appendix)i¢vice
appears to be the equivalent of the energy 1, 28atiihg of the panametrics pulser, which hasai €nergy
stages and a highest gain setting of 59 dB. Corisglthat the current device cannot resolve thenae at present,
the bandpass filter on the board needs to be f¥isegreater gain. If the panametrics pulser caniew ventricles
at even the highest gain setting at the energydl,ladditional strategies need to be implementdddrease the
voltage output of the pulser. This latter strathgg already been pursued; an ultrasound pulsed lvdidch can
output 400 Vpp max (compared to the 200 Vpp maxineanier) has been obtained from Supertex. The main
challenge with increasing the voltage will be ie ffiower circuitry that’ll supply the voltage.

Power Circuitry

The power circuitry for this device may be simptecomplex, depending on the stability of the ultratprimary

cell batteries when put in series. Since the deddms not need to operate for more than 10-30 ménand has less
than 20 mA power draw, it seems likely that — & ttevice doesn’t need to supply more than 200 Vagsimple
voltage drop regulation circuitry at the most wobkrequired. If higher voltages are required,adda converters
are the likely solution for achieving the voltagethin budget.

Improvements/Recommendations

1. It will probably benefit the device’s success ie tharket to include a higher resolution LCD scriédme
LCD output appears too pixelated/unprofessionaltduewer resolution.

2. For alternate applications, haptic feedback duaipgocedure (ex. epidurals, lumbar puncture) coffte
better precision.

3. It might be interesting to explore a singular elabteansducer system with a low and high frequency
component (resulting from the variation in thickei@s two different dimensions) — this could offetter
depth perception, as well as directionality/higtesolution at device surface.

4. Investigate obtaining a DSP FPGA with an internBIGAat more than 25 MSPS. In my research, | haven't
encountered a DSP FPGA with an ADC greater tharSP$| but if such a device exists at less than a $50
pricepoint, it would be worth replacing the ADC ad€U portions of the device with a single DSP FPGA,
for both cost efficiency, greater signal procesgiower, as well as space.

5. Investigate a method for ensuring that the surgammot drive the transducer in air when initialigthe
device, such as a small bubble of sterile liquidcted to the stylet tip that breaks when it come&®ntact
with the brain surface. This initiation could ajg@mpt the device to turn on, as an alternativiaéo
pushbutton LCD.
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APPENDI X

User Manual Instructions

1.

Insert power banana jacks into the power inputtherside of the box in the following order: GND3 3/
input, 10 V input, +5V, -5V, + 100 V, - 100 V.Mgn removing power, remove in reverse.

Insert AC power into the two small power input fsoteé the box

Insert USB into side of box

Connect “BPF Output” via BNC cable to oscilloscope

Connect output of function generator (40 MHz squeaee, low level 0 V, high level 1.7 V) to “Clock
Input” and enable output

Connect “Transducer Output” to the transducer Waacable

Connect other end of USB to laptop, open up Visnal8g. Select AD9238 as the device, and “Samples”

as the template. Click on “continuous run” buttgreén triangle) on top left. There shouldn’t be aatput
yet, but you should see some small spikes if yanzm.

Open the top of the box, hit the ‘enable’ buttonttom ultrasound pulser board, close top of box
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9. Look at VisualAnalog; you should see the signahdf, check if clock output was turned on, or tigsing
the software and reopening. You should also betaltdee the signal on the oscilloscope by hittivey t
‘auto’ button and changing the voltage and timeeneents to about 100 mV and 10 us respectively.

B. Matlab code for Bandpass Filter Component Seleah

%%BANDPASS FILTER Calculation

clear all ;close all ; clc;

Q=72; %24 db fallout

G = 10000

F =10 * 10"6; %210 Mhz
C=20*10"12; % 20 pF
k = 2*pi*F*C;

R1=Q ./ (G*k)

R2 =Q ./ (((2*Q"2)-G)*k)

R3 = (2*Q) ./ k

B = 1/(pi*C*R3) %1 Mhz

R1_R2 = (R1*R2)/(R1+R2);
w = 1/(C*((R1_R2*R3)".5))/(2*pi) ; %10 Mhz
Ho = R3/(2*R1); %100

%For gain of 100, Q = 10,
%R1 = 80 Ohms

%R2 = 80 Ohms

%R3 = 16 kOhms

%for gain of 330, Q = 15, B =667 kHz

% R1 =36 % P35.7ABCT-ND, 0.11 per

% R2 =99 % P100ABCT-ND, 0.11 per

% R3 = 23.8 kOhms % P23.7KABCT-ND, 0.11 per

%for gain of 500, Q = 20, B = 500 kHz

% R1 =32 % P32.4ABCT-ND, 0.11 per

% R2 =53 % P53.6ABCT-ND, 0.11 per

% R3 =32 kOhms % P31.6KABCT-ND, 0.11 per

%for gain of 1000, Q = 25, B = 400 kHz

% R1 = 20; %Digikey P20.0ABCT-ND, 0.11 per resistor

% R2 = 80; %already on the board

% R3 = 40 kOhms %40.2 kOhms on digikey P40.2KABCT-N D, 0.11 per

%for gain of 1500, Q = 30, B = 336 kHz
%R1 = 16.2;

%R2 = 76; (use 2 of the 35.7 ohm)
%R3 = 47.4k;

%for gain of 1950, Q = 39.7, B = 251.83 kHz
%R1 =16.2;
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%R2 = 26.26; (divide the 53.6 ohm by 2)
%R3 = 63.2 Kohms;

%for gain of 2518, Q = ....

%R1 = 10.8 (three 32.4 Ohms in parallel)
%R2 =138.72 (100 ohm + 80 || 80 in series)
%R3 = 63.2K (two 31.6K in series)

%For GAIN OF 10000, Q =72, B = 138.9 Khz
%R1 =5.73;

%R2 = 155.7,

%R3 = 115.59 kOhms;

C. C code for PIC microcontroller

#include <plib.h>

#include <p32xxxx.h>

/I Configuration Bit settings

#pragma config FPLLMUL = MUL_20, FPLLIDIV = DIV_ZPLLODIV = DIV_1, FWDTEN = OFF
#pragma config POSCMOD = XT, FNOSC = PRIPLL, FPBB\DIV_8 //alteration
#define SYS_FREQ (40000000L)

#define DESIRED_BAUDRATE (9600)

/I Let compile time pre-processor calculate the Rpttiod)

#define PB_DIV 8

#define PRESCALE 256

#define TOGGLES_PER_SEC 1

#define T1_TICK (SYS_FREQ/PB_DIV/IPRESCALEGGLES PER_SEC)

int pbClk;
int brd;
int main(void)

/lenable pins on PortB as input

TRISB =(BIT_2 |BIT_3|BIT_4 |BIT_5|BIT_BIT_9|BIT_10 | BIT_11 | BIT_12 | BIT_13 | BIT41
BIT_15);

TRISD = (BIT_O | BIT_1 | BIT_2);

/lenable pins as digital input

AD1PCFG = (BIT_2 | BIT_3|BIT_4|BIT_5|BI8]BIT_9|BIT_10 | BIT_11 | BIT_12 | BIT_13 | BIT4 |
BIT_15);

mPORTDSetPinsDigitalOut(BIT_4);

I/l Optimize PIC32 performance and return pexiphbus frequency

pbClk=SYSTEMConfig(SYS_FREQ, SYS_CFG_WAIT_STAIESYS_CFG_PCACHE);

brd = pbCIlk/16/DESIRED_BAUDRATE-1;

/l Enable UART2 and set baud rate to DESIREDUBRATE=9600

OpenUARTL1(UART_EN, UART_RX_ENABLE | UART_TX_ENBLE, pbClk/16/DESIRED_BAUDRATE-1);
[*OpenOC5(OC_ON | OC_TIMER_MODE16 | OC_CONTINUBJLSE | OC_TIMER2_SRC);
OpenTimer2(T2_ON | T2_PS 1 1,)/**/

/I set variables for buffer
unsigned int output = 0;
unsigned int output2 = 0;
/lunsigned int outputBuf[2000];
unsigned int indexSize = 999;
unsigned int index = 0O;
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unsigned int outputBuf1[1000];
unsigned int outputBuf2[1000];
inti=0;

int temp = 0;

while(1)

{
output = 0;
//ILSB

output = output | (PORTReadBits(@¥T_B, BIT_15) >> 15);//J7_12
output = output | (PORTReadBits(@¥T_B, BIT_14) >> 13);//J7_11
output = output | (PORTReadBits(@¥T_D, BIT_0) << 2);//J6_07
output = output | (PORTReadBits(@¥T_B, BIT_12) >> 9);//J7_09
output = output | (PORTReadBits(@™T_B, BIT_11) >> 7);//J7_08
output = output | (PORTReadBits(@T_B, BIT_10) >> 5);//J7_07

//BIT6 SKIPPED

output = output | (PORTReadBits(@HT_B, BIT_9) >> 3);//J7_06
output = output | (PORTReadBits(@HT_B, BIT_8) >> 1);//J7_05
output = output | (PORTReadBits(@HT_B, BIT_5) << 3);//J7_04
output = output | (PORTReadBits(@HT_B, BIT_4) << 5);//37_03
output = output | (PORTReadBits(@HT_B, BIT_3) << 7);//37_02
output = output | (PORTReadBits(@¥T_B, BIT_2) << 9);//J7_01

/IMSB

output2 = output >> 8;
outputBufl[index] = output2;
outputBuf2[index] = output;

index++;

if (index > indexSize)

{
i=0;
for (i = 0; i<indexSize; i++)
{

while(BusyUART1());
putcUART 1(outputBuf2][i]);
while(BusyUART1());
putcUART 1(outputBuf1[i]);
}
index = 0;

}

}

D. Matlab code for data display

averageout = 0;
max = 600;

first = 1;

miny = 0;

maxy = 140000;
xmax = 1000;
buffsize = 2048;
outmax = 100;
newpnt = 0O;

out = (1:outmax);
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s.ReadAsyncMode =  'continuous' ;

s.ByteOrder = 'bigEndian’ ;

s.InputBufferSize = buffsize;

fopen(s);

while (1)
if (first == 1 && s.BytesAvailable == buffsize)
out = fread(s,s.BytesAvailable/2, 'uintl6' )4
plot(out, ),

xlim([0,xmax]);
ylim([miny,maxy]);

shg;

first = 0;

elseif (s.BytesAvailable == buffsize)

newpnt = fread(s,s.BytesAvailable/2, 'uintl6' ),
out = [out(length(newpnt):length(out)) newp nt];
plot(out, E);

xlim([0,xmax]);
ylim([miny,maxy]);
shg;
end

end

fclose(s);

E. Photographs taken during various testing scenaos
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Figure 17: Pulser Output to Transducer with LED 2 lit (8 pulses/cycle) and default 10 MHz output.
Input voltage to board when picture taken was ~40 Vpp
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Figure 18: Real-time ADC display of signal using VisualAnalog
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Figure 19: Zoomed Ultrasound Response on VisualAnalog
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Figure 21: Ventricle identification at 5 cm using Panametrics Pulser/Receiver
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Figure 22: Results of In-Vivo Testing

F. Brain Acoustic Parameters

Brain Acoustic Properties
Conductivity
(W m”-1 K»-
Thermal Conductivity Temp © 1) Reference
Cooper & Trezek
Brain,Human,78% water 5-20 .528 1972
White, 71% water 5-20 .503
Gray, 83% water 5-20 .565
Valvano et al
Cortex 37 .515 1985
Diffusivity
cmh2 sh-1*
Thermal Diffusivity, alpha Temp © 1013 Reference
Brain,Human,78% water 5-20 1.38 +-0.11
White, 71% water 5-20 1.34 +- 0.10
Gray, 83% water 5-20 1.43 +- 0.09
Cortex 37 1.47
alpha
CJg™1Kr | rho(g (cmn2
Thermal Properties of Tissue Sub Materials | k (W m"-1K”-1) 1) cm”-3) sM-1)
0.98 +-
Brain, 2.45 Hz 0.478 +- 0.015 3.41 0.03 0.00143

25




Specific Heat Capacity, C Specific Heat (J g"-1 K%) | Reference ‘
White, 71% water 3.60 Cooper & Trezek 1972
Gray, 83% water 3.68 |
Optical Attenuation Coefficient lambda, nm alpha, nm"-1 | Reference
Muller & Wilson
Brain, human 630 0.45, 0.56 1986 cont
Wilson et al
Brain, human, in-vivo 630 0.2-0.34 1986a
Svaasand
& Ellingsen
Brain, human, in-vitro 488 1.4-2.5 1983
Velocity of Ultrasound through normal soft Velocity m s”-
tissues Temp © 1 Reference
Kremkau et al
Brain,human 37 1562 1981
corna radiata 40 1573
cerebellum 22 1537
Willocks et al
newborn, in vivo 37 1525 1964
Velocity of Ultrasound through human Velocity m s”-
pathalogical tissues Temp © 1 Reference
Schiefer et al
Brain Accustic neurinoma 22 1522-1547 | 1968
Arachnoidal sarcoma 22 1530
Van Venrooij
Astrocytoma 27.5 1545 1971
Schiefer et al
Ependymoma 22 1537-1545 1968
Glioma 22 1525-1547
Schiefer et al
Meningioma 22 1540-1550 1968
Menstatis 22 1535 Schiefer et al 1968
Spongioblastoma 22 1532
Tumor cyst contents 22 1504-1524
Dispersion of acoustic velocity in tissue, 1-10
Mhz Dispersion, m s"-1/MHz dc/df %/MhZ | Reference
Brain 1.2 0.08 Kremkau et al 1981
Attennuati
Ultrasound amplitude attenuation coeff for on Coeff Coeff
normal tissue Temp © Freq MHz Npcm?-2 | dB cm”-1
Brain, human 25 5 0.072 4.5
grey matter 37 2.2 0.121 0.625
white matter 37 2.2 0.018 1.05
cerebellum 30 0.97 0.14 0.5
Np cm”-2
Ultrasound Absorption Coef Temp © Freq MHz * 107-2 dB cm”-1
Brain, cat 37 0.7 1.4+-0.3 .12 +- .01
Backscatter
Acoustic scattering cross-section for tissue Freq Mz cm”-1 Sr~-1 B Reference
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Nassiri
& Hill
Brain 4-7 1.27 *10"n-7 3.98 1986

G. K-wave code for ultrasound simulation

% Revathi Murthy

% Bioen 700

% Ultrasound Propagation Example

clear all ;close all ; clc;

% create the computational grid

Nx = 256; % 15.6 mm % number of pixels in the x (column) dire ction

Nz = 256; % 15.6 mm % number of pixels in the z (row) directi on

dx =.1e-3; % pixel width [m] % .1 mm

dz = .1e-3; % pixel height [m] % .1 mm

kgrid = makeGrid(Nx, dx, Nz, dz);

% make the cyst
cyst = 1*makeDisc(Nx, Nz, Nx/2, Nz/2, 25); %centered at the middle
%with radius of 2.5 mm

% define the properties of the propagation medium

medium.sound_speed = 1562*(ones(Nz, Nx)); % - cyst) ; % [m/s] Y%brain
medium.sound_speed = medium.sound_speed ; %+ (1482 * cyst); % [m/s] Yowater
medium.density = 1040*(ones(Nz, Nx)); % - cyst); % [kg/m”3] Y%brain
medium.density = medium.density; % + (1007 * cyst); % [kg/m"3]
%cerebrospinal fluid

medium.alpha_coeff = 0.6; %human brain % [dB/(MHz"y cm)]
medium.alpha_power = 1.2; %human brain. dispersion acoustic velocity?

% create initial pressure distribution using makeDi sC
disc_magnitude = 500; %500 kPa 0.5 MPa

disc_x_pos = Nz/2 - (.5*50) - 20; % 2 mm from left of cyst

disc_z_pos = Nz/2; % pixels

disc_radius = 10; % 1 mm radius

disc_1 = disc_magnitude*makeDisc(Nx, Nz, disc_x_pos , disc_z_pos,
disc_radius);

source.p0 = disc_1;

% define a centered circular sensor

sensor_radius = 2.5e-3; % [m] %at the surface of the cyst
num_sensor_points = 50;
sensor.mask = makeCartCircle(sensor_radius, num_sen sor_points);

%RECORD MOVIE
% define the input arguments

input_args = { 'PlotPML" , false, 'RecordMovie' |, true, 'MovieName'
'‘example_movie_1' , 'MovieType' , 'image' , 'PlotFreq’ 5,  'MovieArgs' ,{ 'fps'’ ,
303}
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% run the simulation with optional inputs for plott ing the simulation

% layout in addition to removing the PML from the d isplay

sensor_data = kspaceFirstOrder2D(kgrid, medium, sou rce, sensor, 'PlotLayout’ ,
true, 'PlotPML" | false);

% plot the simulated sensor data
figure;

imagesc(sensor_data, [-1, 1]);
colormap(getColorMap);

ylabel( 'Sensor Position’ );
xlabel( 'Time Step' );
colorbar;

H. Alternate Technology Application (Urinary Catheter) Evaluation

Urology Applications of Catheter Guidance Technolog
Market Opportunity

Urinary catheters come in three main categoridsyf@indwelling) catheters, condom catheters, auermittent

(short-term) catheters. Foley catheters are uged fiew days up to a few months, condom catheterpramarily
used for elderly men with dementia, and intermittstheters are used temporarily to empty the leiadeveral

times a da¥

In 2010, the market for urinary catheters was etalt to be around $230 million dollars by the Milkam
Research Group (MRG). MRG expected the evaluatiatotible to $460 million by 2014. This increasdus to
Medicare’s change in policy in 2008 to reimburs@ &@ermittent catheters/month from 4/month, insieg the
demand (40% annual compound growth rate) for intéznt catheters through 2012. The top companiatssipply
urinary catheters are Coloplast, which had over 88%e US market in 2009. Hollister, Bard, Astrach,
Rochester and Rusch are also major contehders

Approximately 90 million indwelling catheters a@dto US hospitals annually, and 4 million Amerisaundergo
urinary catheterization in hospitals every yetrdwelling catheters can be separated into twesyurethral and
suprapubic catheters. Suprapubic catheters ahattdo the abdomen, which has been surgicallyexied by a
tube to the bladder. Urethral indwelling cathefatso known as Foley catheters) are the more con{@®million
sold/yr in the US, with 500k procedures/yr) anchoo require surgefy Between 15-25% of hospitalized patients
receive gort—term foley cathetéed 5% of residents in long-term care facilitiss toley catheters as well (50k
resident

Excess, stagnant urine in the bladder has beeaditk contributing to CAUTI (catheter associateidany tract
infection), which accounts for nearly 32% of allspdal infections -- about 800k cases every yeartdundwelling
catheter usage alohdHospitals spend about 340-500 million dollarsrgwear (500-1k/patiefit treating the

! http://www.nursingcenter.com/prodev/ce_article.asp?tid=1027118

? http://mrg.net/News-and-Events/Press-Releases/INTERMITTENT-CATHETER-MARKET-CURRENTLY-VALUED-AT-S.aspx

® http://journals.lww.com/homehealthcarenurseonline/Fulltext/2010/06000/Best_Practices in_Urinary Catheter Care.5.aspx
* http://www.nursingcenter.com/prodev/ce article.asp?tid=1027118

> http://www.annals.org/content/137/2/125.full

® http://enoxbiopharma.com/urinary-catheters

7 http://www.the-

hospitalist.org/details/article/186502/How can we Reduce Indwelling Urinary Catheter Use and Complications.html

® http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2631699/pdf/11294737.pdf
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symptoms of CAUTI in the United Stafe&inally, mortality from CAUTI ranges from 2.3% {mor infection) to
10% (bloodstream infectiotf) Indwelling cathethers have a 25% risk of infectidter 7 days of use, with a daily
risk between 3-79%.

The market trend for urinary catheters is the latge of intermittent catheters, which offer greaistient
independence, reduce the need for extra equipragntl(ainage bags), and for reduced lower urinat t
symptoms (frequency, urgency, incontinence) betwhercatheterizations. It also has a lower riskrafary tract
infection than indwelling catheteré.However, intermittent catheters require repeateptging (4-5 times a day)
and do not remove the risk of urinary tract infent entirely, since the risk of external bactenteoiduction also
increases with the higher rate of catheterizatib@;FDA has recommended that short-term use ofétiohg
catheters should only be replaced due to blockageection as a resdft Intermittent catheters are also nearly 2-
3x more costly than indwelling catheters due todbst of the medical professionals’ time in repelste
inserting/emptying the catheter during the day

Another complication due to the foley cathetehss inflation of the balloon at the end of the ctdh¢used to keep
the catheter secure) in the urethra, rather thsiderthe bladder. This complication has even béessified as a
“Never Event” by the Centers for Medicare and MadicServices, defined as “a serious, largely priada patient
safety event'®. The risk of urethral injury is even higher doddw operator training in the use of catheters; an
estimated 0.3% of hospital patients have cathéseement trauntd, and a San Diego study found balloon inflation
complications in 3.2 of 1000 male patiéftd he most common way of evaluating inflation & tralloon in the
urethra is to watch for signs of pain when inflgtthe balloof®'°. Increased training has not made a significant
impact on reducing the rates of injéftyUrethral trauma of this kind also impacts methofifiiture catheterization
(suprapubic catheterization is often substituteaid costs hospitals thousands to ten-thousardisilefs in in
treating the urethral traurffa

Our Technology

An ultrasound guide-wire could detect the preserfagine in the bladder and ensure that the folheter balloon
is not inflated prematurely. The presence of paéd-urine in a healthy child/adult bladder is lésan 200 nf, in

a sick bladder, greater than 20041, and at least 70 ml even when the bladder is emhptsing a catheter —
hence, the transducer will have a low risk of beimgosed to ait®

Transducer design considerations, such as a meitient transducer in an inverted ‘U’ configuratmmthe guide-
wire could be used to estimate the amount of uriribe bladder before, and after for catheterizafto assess risk
for CAUTI) as well as notify the operator upon thsertion of the catheter tip into the bladder. Téguction of
significant urethral damage (ex. when the foleyetr balloon is inflated in the urethra) also hssin a lowered
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risk of CAUTI blood infection. Finally, the urineolume measurement before and after catheterizatiald also
provide useful clinical information for practitiorsewho would normally use portable ultrasound (ex.
BladderScaff) before and after to measure the pre and postuwrinie in the bladder.

As market trends move further towards self-catliedggon using intermittent catheters, an ultrasosystem like
the above could be used in conjunction with a spfaohe application to remind patients to self-cstize, and
notify them of early indications of CAUTI (high lels of stagnant urine in the bladder).

Competitors

Many of the patents that address urethral injusy uincorrect balloon inflation analyze pressufiedences
between that of the urethra and the bladder arelmichanical feedback or have safety pressures/aivyaacé®.

A large number of patents already use ultrasouradtézk biofilm in urinary catheters® *! but these patents do not
address the potential of ultrasound in identifyting foley catheter balloon’s entrance to the bladder do they
address the potential of ultrasound in measurimgeuamount in the bladder as a predictor for CAUTI.

One revolutionary urologic technology is availaisideurope. The In-Flow device by SRS Medical formen uses
a pump to completely void the bladder, using a Haeld device by the patient. SRS has found therdf# is same
or reduced with the In-Flow device than intermitteatheters. They’ve also found that it eliminatdses/drainage
bags, and reduces the need to self-catheterize8yrdes a day. Finally, patients appreciate thatdevice allows
the use of a toilet. The main downside of this tedbgy is that it only applies to women with anratobladder.
However, the companies’ findings of lowered rate8®l due to lower urine stagnation in the bladdlkows that
our technology is promising not only for cathetardgnce, but also for reducing UTI through the ntammg of
urine volume intermittent and indwelling cathetatiar®

Conclusion

Foley (indwelling) urinary catheters are sold irgquantities in the United States (25 milliordégl) and the
complications resulting from improper guidance i@ience rate of 0.3%, or 7.5k cases/yr) cost hdsgiatween
10k -100k per incident. An even more frequent caoapion of all urinary catheters (90 million soldyys urinary
tract infection (32% of all hospital infections)hieh costs hospitals an additional 500-1k/incid@3a million/yr),
with a mortality rate of 2.3-10%. The cost of usingltiple single-use intermittent catheters hasmbs®wn to be
more cost-effective compared to the cost of treathif 1>, which implies that a reusable, ultrasound-tippettie-
wire may be most cost-effective for patients tleajuire indwelling catheters (burn ICUs, inpatierdical wards,
and neurosurgical IC39, that also are the subset of patients most lik@lyave the highest risk of acquiring
CAUTL. In these sets of patients, this device haadditional advantage over other competitor catisetvhich only
attempt to prevent urethral trauma, by includingamees of early prediction of CAUTI. When limitexits
guidance application, this technology is still atealvantage over its competitors because the dibpoguide-wire
can be immediately compatible with any currentyatatheters available in the market. The pricéhefdevice in
market would also be significantly lower than isurosurgical counterpart (which is estimated a0$40ecause
lower frequency piezocrystals could be sufficienachieving the pulse-echo distance measuremert wh
determine bladder urine volume.
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