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Abstract

Atrial fibrillation is a disease that affects ox&million Americans, with possible
complications ranging from fatigue to stroke. tder to treat this disease, a catheter
may be used to scar the tissue of the atria inrdodeéisrupt the electrical signals that
cause the irregular beating of the atria. Dr. W4naated a solenoid-tipped catheter that
may be used to perform this procedure under MRlange, but FDA approval must be
obtained before its use. The heart phantom deditmne semester will be used to mimic
the procedure in order to test the new catheteeldped by Dr. Unal. The phantom was
designed following the client's constraints, ardudes a square acrylic casing with
12”diameter end caps. This casing encloses setygi@ah tubes of varying sizes, as well
as y-fittings and reducers, representing tortu@sswlature. It also includes a spherical
heart chamber and a high-resolution testing bloakerof acrylic. The testing block will
be used to ensure the vasculature surroundingatieter can be visualized. The device
was tested by connecting the tubing to a pumpwhatused to move water through the
vasculature, simulating blood flow. This testireubnstrated a need for improved fluid
flow. Also, MRI testing was performed and a sauatof Gadolinium was able to be
visualized moving through the vasculature. Infthare, a phantom that incorporates an
improved heart chamber with smaller vasculaturélveildeveloped that provides more
consistent fluid flow.

Motivation

Atrial fibrillation is characterized by irreguléeating of the atria. This erratic
beating is caused by chaotic electrical signalbiwithe atria of the heart and may lead to
heart palpitations and chest pain. Disorganizatioime pumping of the heart causes
poor blood flow throughout the body. This may leéadhortness of breath, fatigue, and
lightheadedness.

Other, more serious, complications arise fromitlkeeased risk of blood clots in
the atria. This results from the
possibility of blood pooling in the atria
when the heart beats out of sync. Th

: ) Aorta
blood clots increase the possibility of N tohanim
the patient experiencing a stroke. I S~ o
Another highly serious complication i u i yumanary
the possibility of heart failure due to o\ A e
. . > L
the wear this disease causes on the = &N (ablated)
heart # J; tissua
b N £ |eft
i 5 ventriche
- g v
Background Information //' \J
|
Inferior vena cava Right ventricle

Treatments for atrial fibrillation ;i
. . ] A catheter is inserted into the
generally involve attempting to either femaral vein and snaked up

i the infesior vena cava untll it
reset the heart rhythm or to disrupt th [ .5:nes 1he heart.

Figure1l: Image of acatheter being used for atrial ablation?



erratic electrical signafs.Dr. Unal is interested in treatments involvingheser
intervention. This may be necessary when rhythmtrodling or resetting drugs fail to
work. The catheter would be inserted into the feaheein at the groin and moved
through the vasculature until reaching the lefiuatrof the heart. Once there, it would be
used to scar the heart tissue in a pattern meantetiwupt the electrical signals that cause
atrial fibrillation.! This burning process is referred to as abla@md, can be seen in
Figure 1.

Dr. Unal is interested in performing this proceslunder MRI guidance.
Unfortunately, catheters are not visible under MRi .order to solve this problem, Dr.
Unal has developed a solenoid-tipped cathetercthatl be imaged under MRI. In order
to use this device with humans, however, FDA apar®/required. This means a
protocol must be developed, followed by animalgbantom) testing before human
testing may be conducted. Instead of animal tgstirphantom that mimics the
surroundings for the procedure may be used.

Current Products

One heart phantom currently on the market is tlhasbund Heart Phantom for
cardiac image training that was developed by Coenméd Imaging Reference Systems,
Inc. Although this phantom includes the left aight atriums, it is ultrasound, not MRI,
compatible. It also does not include any pathways
the insertion of a catheter, and is unnecessarily
complex for Dr. Unal’s purposés.

The heart phantoms currently available are
generally not MRI compatible, and do not include ar
opening for a catheter to enter the phantom. iBhis
necessary to mimic the procedure and ultimatelyg ga
FDA approval. Commercially available phantoms a
also often unnecessarily complex, and therefore
expensivé. Other current phantoms are less comple
but have been developed for specific procedures.
These phantoms are either not compatible with the
desired procedure or not available for purchadas T
semester’s project involves developing a heart Figure2: Heart phantom available from
phantom specific for Dr. Unal's needs. CIRS, Inc. for usewith ultrasound®

Problem Statement

The heart phantom developed will be used for th@inesting of a new,
solenoid-tipped catheter awaiting FDA approval.istdatheter will ultimately be used to
treat atrial fibrillation under MRI guidance. Ttransparent phantom will be used to test
the maneuverability of the catheter under MRI goa#aas well as the high resolution
imaging capabilities in the vicinity of the soleddip. It will consist of clear tubing of
various sizes representing tortuous vasculatudrigao a single heart chamber. All



“veins” must terminate at one end of the phantothlaasealed so they may be filled
with a saline solution in either a static or dynaustiate without risk of leaking.

Design Constraints

Figure 3 is a basic representation of the compsrn&frour design. The device,
including the acrylic casing, must be able torfgide a cylindrical of height and diameter
both equaling 13”. An external pump (not to bduded in our device) should carry a
saline solution through an inlet and outlet veg¢lseth with diameters less than 17).
Several (one to four) smaller vessels (diamet&s td 1”) must twist inside the casing
and eventually connect somewhere along the inktele The inlet and outlet vessel
should connect to a spherical casing (diameterepesenting the heart. A thin
membrane, representing the heart septum, shoulblbated inside the heart casing and
should be able to be punctured by the catheteardse gel should surround parts inside
the casing not only to provide support, but alseimaulate loading of the MRI machine
in a similar way to that seen with a human. Alitpahould be MRI compatible (no
metals), leak proof, and transparent.
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Figure 3: The basic components of the phantom
Preliminary Designs

Tubing Design

The Tubing design includes clear flexible tubesefaresent various vessel sizes,
an acrylic spherical casing for the heart, andw@rracasing made of acrylic. The
vasculature would be connected together througbnpectors and reducers (to allow
connecting tubes of different diameters). Holesilde drilled on one side of the
acrylic casing to allow the tubes to pass throughugs, clamps, and cable ties around
tubes and connections, as well as glue and caalkisg the casing, would prevent
leakage. The vessels and heart chamber wouldgposed by the agarose gel (Figure
4).

The Tubing design has several advantages. Theajepof the tubes can be
easily modified by the addition or removal of tulpity-connectors, and reducers. This
ability to change tube lengths, diameters, andtiposi will be helpful during pumping



tests; decreasing the length of tubes will decréaese resistance and thus increase fluid
flow. The external tubes can also be easily agdd¢b the client’s pump via quick
disconnects. The y-connectors will serve as ap et port for the catheter.
Disadvantages include varying diameters due toryzections and reducers, as well as
tube flexibility being limited to tube material amaall thickness.

Figure4: Tubing design with tortuous vasculatur e and test heart

Polymer Block Design

As an alternative to the Tubing design, the PolyBleck design consists of a
cylindrical polymer block with tunnels inside thapresent the vasculature and the heart
chamber. The first step of the construction praocedequires the creation of a “dummy”
vasculature. The “dummy” vasculature will thense¢ and temporarily fixed inside an
open-top cylindrical container with dimensions sped by the client (less than 13”
diameter). Liquid polymer will be poured into tbindrical container with the
“‘dummy” vasculature inside until completely fulDnce the polymer solidifies, the
“dummy” vasculature will be removed, leaving behhmalow tunnels within the polymer
block. Finally, the solid polymer can be removeshi the cylindrical container.

The rationale behind the Polymer Block desigiat &t avoids some of the
intrinsic problems and inconveniences involved wfité Tubing design. First, the
Tubing design requires leak proof tubing connedibatween different branches of the
vasculature. Because the client desires the phmatdaontain as much convoluted
vasculature as possible, there will be a large mrrmabtubing segments that require
flawless connections. Construction of such a cempystem with absolutely no leakage
would be difficult. In contrast, the vasculatuvithin the Polymer Block design would
be completely engulfed in the thick, hydrophobityp@er, eliminating the risk of water
leakage. In the Tubing design, the entire vasatdatomplex, including the heart
chamber, would need to be suspended inside thedecidal casing. This raises the issue
of whether the vasculature system could be firmjyp®rted to resist movement and the
stress caused by the tubing’s own weight. Consigehe possibly copious amounts of



tubing, the stress felt by the tubing at the bottdrithe complex could cause mechanical
failure, especially at the junctions of the tubgagments. On the other hand, the tunnels
inside the Polymer Block design would have origatet and dimensions strictly defined
by the solid polymer. Because the volume of tunsBbuld greatly exceed the polymer
volume, the weight would be much less than withTthbing design. The mechanical
stress throughout the system would also be appaigignuniform.

Final Design Selection

Although the Polymer Block design has certain ativges over the Tubing
design, it has doubtful aspects that cause unogytaith regards to a successful
completion within the time given. The most difficpart of the Polymer Block design is
the construction of the “dummy” vasculature. Asmtimened above, the “dummy”
vasculature must be stable and fixed inside théagmer when it makes contact with the
liquid polymer. However, after the polymer solidd, the “dummy” vasculature must
not adhere onto the polymer and must be easily vetho Some ideas include using
compressible materials such as Styrofoam or diabtdvmaterials such as clay or dough.
It may seem reasonable to assume that these nfmtarabe pulled or washed out of the
solidified polymer, but it is unsure how much tiveyl adhere onto the polymer or how
they be formed into the shape of the vasculativech preliminary testing is needed and
it would require a significant amount of time. Bese the Tubing design has a proven
concept and was envisioned by the client at thénbéwy of semester, it was decided that
the Tubing design should be pursued. See Appendidegign Matrix.

For the tubing aspect of the phantom, the two most
feasible choices were polyurethane and tygon. Petlgane
(Figure 5) is a stronger, but more rigid, formwalbing. The
thicker, rigid tubes would move less within theiogsbut
would be not be able to bend or curl in
' < different directions.

Figure5: Polyurethane tubing Tygon (Figure 6) is more flexible and

could easily be bent and curled within the casmgrder to better

simulate the human vasculature. The tygon is &ismér and clear, o
making it easy to see through for maneuvering #tbater within the '
phantom. As a result, it was decided that tygomtulvould be used in

the final design. Figure 6: Tygon tubing
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Connectors



In order to connect the tubes to each other and to

the heart, a number of different connectors wepdoesd.
] The first was a twist connection design (Figuréha}
includes a male and a female part th~*
are simply twisted together to form a
water-tight connection. However,
these connectors only came in solid
colors and limited angles and have a v
very small inner diameter that would =
prevent the catheter from passing

~\ through smoothly. A quick Fiqure& Quick connector

'j b connector design was also explored (Figure 8)tler
~—1—— connector, the tubes are easily pushed into theemar
Q) |_____,—______‘!I | butin order for them to be removed, one must musthe

connector and pull on the tubing at the same tiFhese
connectors also only came in solid colors, limisedjles,

and employing metal springs which were prohibitethe design. The last connector that
was considered was a barbed tubing connector @@uit is extremely simple with an
inner diameter only slightly larger than the diaeneif the tubing it is used with so one
simply pushes in and pulls out the tubing as neetikely are clear, come in a variety of
different angles, and leave a large diameter ferctitheter to pass through. As a result,
these were the connectors chosen for the phantom.

Figure 9: Barbed connector

Heart Chamber

The heart chamber will be made to mimic the twabthambers of the human
heart. To construct the heart chamber, two 3” di@macrylic hemispheres, each having
a small flange around the outside, will be conretctging plastic screws and bolts
(Figure 10). The two hemispheres represent theatwal chambers of the heart.
Between the flanges of the two hemispheres, am@will be used to ensure that the
seal between the two hemispheres was fluid tighthin septum will be placed between
the two hemispheres to correspond to the divise&twéen the right and left atrium. The
septum will be used by the client in the futuresitoulate
puncturing a catheter through the tissue betweenight and left
atrium. The septum only separates approximatdfyolighe
hemispheres, to allow for continual and uninteredgtuid flow
through the heart chamber. The septum will be nfizae a sheet
of paraffin film that cut to fit the correct sizéthe heart chamber.

The heart chamber will allow the client accestheoseptum
to replace it following each practice procedurer &ccess, the
client will simply need to remove each of the ssdw separate the
two hemispheres.

Figure 10: Two acrylic
hemiggheRsaniUrdiors Bl ock
together toform the
phantom heart.



A high resolution area of the heart phantom wilicbeated to allow the client to
insure that the catheter placed in a larger veksedn't inhibit the visualization on MRI
of the surrounding vasculature. An acrylic blo8k ih height and length and %2” in
width) will be used for the high resolution arealarge hole will drilled into the block to
allow for the threading of the tubing that will regent the larger vasculature where the
catheter will pass through. Several small holés§’lin diameter and 1/32” in diameter)
are to be drilled as shown below to mimic the sundbng vasculature (Figure 11).

Figure 11: Acrylic block to be used for high resolution testing
Final Design

The phantom has a square acrylic casing 12" lodg-&ihthick with circular
acrylic end caps 12" in diameter and %" thick. Tty of the casing was attached with
plastic screws for easy removal so that the caskld® opened and the parts cleaned or
replaced. The rest of the casing is held togetlitdr acrylic glue and sealed with silicon
calk to make it completely leak proof.

All tubing begins and terminates on one side ofph@ntom so that it can be
connected to a fluid pump for quick, even fillingdaflowing. There is one large inlet
(1/2” diameter), three small inlets (3/8” diametand a single large outlet. Stiff
polycarbonate tubing goes through the acrylic waattonnect the flexible tubing on both
sides and is sealed with silicon calk in the acrylall. The flexible tubing is sealed onto
the polycarbonate tubing with snap grip tubing qarto ensure that they fit together
snugly. The four flexible inlet tubes on the ougsaf the phantom are connected to four
barbed tube fittings that screw into a manifolde Thanifold then connects to two
branches of flexible tubing with quick-disconneit$e attached to the fluid pump.

All external tubes are connected to barbed y-figiwvith one end connected to a sheath
for catheter entrance and the other end going omet@ump.

The flexible tubing is tygon tubing with a 3/8” eutdiameter and ¥2” inner
diameter that branches into smaller tygon tubirtdp &i5/8” outer diameter and 3/8”
inner diameter. The tubing branches via barbedtidis and reducing couplings.

As a result of complications with our original hegarts, the heart is represented
by two 3” diameter plastic hemispheres that fitetibgr and are sealed with acrylic glue
and silicone caulk. Stiff polycarbonate tubing gtdesugh both sides of the heart to
connect the flexible tubing to the hemispheres.

The high resolution testing block was also incoaped into the prototype. The
block has four sets of two different sized holest thill test the resolution of the catheter
in the MRI. The holes in the acrylic block will regsent small vasculature and the
resolution of the catheter will be determined basedvhich of the holes can be seen in



the MRI image and how well. The total cost of ohaptom was under $600, well under
our budget. See Appendix B: Materials and Costédails.

Figure 12: Completed heart phantom with pump connection,
heart, vasculature and casing.

Testing

In order to test the device, three types of testiege performed: fluid
containment, flow consistency, and MRI. For thedicontainment, the heart phantom
was tested in both the static state and the dynataie with pressure from the pump. For
the static testing, the entire casing as well agubing was filled with water. This
allowed testing for any leaking in the joints oéttasing or tubing connections. The
dynamic state testing with pressure was perfornyeattaching the phantom to the pump.
This allowed the determination of how the devicgpmnded under pressure. With the
dynamic test, there was some leaking around theemtions between the tygon and
polycarbonate tubing when only the zip-ties weredusTo remedy this, snap grip tubing
clamps were used to provide a tighter seal betwe=n
tubing connections. Also, during this testing hieart
chamber had some slight leaking at the junctiowben
the two halves. Additional acrylic glue and silgocaulk
was applied around the junction between the twedsatio
provide an improved seal for testing.

The flow consistency testing was also performed
when the heart phantom was attached to the purigw F
was observed in all the branches of the tubingyedsas
through the heart cavity. The flow through theuests, y-
fittings and connections was interrupted due todénerease
in diameter associated with the connections. Alewy

through the heart and smaller tubing was not ctersis
due to the build-up of air pressure and the punpacity.

Figure 13: 2D MRI image of phantom.



A solution such as a venting hole will need torbplemented in the future to fix this
issue.

The final testing performed on the device was N#8ting. For this testing, the
cavity of the heart phantom was filled with water bbading purposes. Typically, when
this device is being used on a regular basis, ulevbe filled with agarose to provide the
necessary loading. Once filled with water, the pumas turned on to fill the vasculature.
Unfortunately, the sealing between the two hemisgghef the heart was unable to take
the pressure exerted on it by the pump and thefaésd. Despite this failure, testing
continued and 2D and 3D images of the heart phamtera taken. Following this, a
solution of 10% gadolinium was injected into thattehamber over a period of
approximately 5 seconds. MRI images weja
then taken over a period of 30 seconds to
observe the flow through the heart phanto
Looking at the MRI images over the perioo
flow is visible through the vasculature. As
result of the seal on the heart chambers
breaking earlier in testing, small traces of
the gadolinium solution can be seen leavi
the heart on the MRI images. The heart
chamber, as well as the other issues that
were discovered will need to be resolved i
the future.

Figure 14: 3D MRI image of heart phantom.

Conclusions and Future Work

This semester’s prototype was an excellent sidttis project, although several
improvements must be made. The plastic hemisploeiresntly representing the heart
are inadequate, as they are weak and incapableraf bealed properly. The acrylic
hemispheres already ordered will be durable anihisleawith the help of O-rings. These
hemispheres will also allow a disposable septubetadded or removed. Additionally,
fluid flow through tubes needs to be improved, lagihes cannot contain any air and
must maintain a sufficient flow rate. This coulel done by decreasing tube lengths, tube
height (vertical position in the casing), and taleemeter, all of which will decrease the
resistance to flow. The client mentioned it mayabeeptable for all tubes to be of equal
diameter, which would eliminate the need for redsi@ad improve flow and flexibility.

It would also be appropriate to experiment withinghof different materials and
thicknesses to optimize flexibility without causikmking. The y-connectors also must
be modified so the catheter does not get stuck whegring. This could be solved by
tapering the entrance with a file. Additionallgetgeometry of the tubing must be
modified to more closely resemble human vasculatuith the degree of resemblance
determined by the client’s requirements.



Appendix A: Design Matrix

Resemblance
Cost |Usable tohuman | Reproducible| Replaceable
Feasible
Design |(0.05)] (0.25) | (0.1) (0.2) (0.15) (0.25) Total
Polymer| 9 7 9 5 8 3
Block |(0.45)] (1.75)] (0.9) (1.0) (1.2) (0.75) 4.25
7 10 8 9 8 8
Tube [(0.35)] (2.5) ] (0.8) (1.8) (1.2) (2.0) 8.65




Appendix B: Materialsand Cost

Project Component Part Cost
Casing Acrylic Sheets, 1/2" thick $98.40
Acrylic Circles, 1/4" thick $37.76
Tubing Tygon 1/2" ID, 3/4" OD $38.71
Tygon 3/8" ID, 5/8" OD $72.60
Polycarbonate 1/4" ID, 3/8" OD $2.61
Polycarbonate 3/8" ID, 1/2" OD $2.80
Tube Fittings 1/2" OD Y-fittings $17.90
3/8" OD Y-fittings $8.55
Reducers, 1/2" to 3/8" $5.00
Other $28.38
Pump Connections Quick-Disconnects, 3/8" size $44.24
Manifold, 4 outlets $42.75
Barbed Tube Fittings $14.42
TOTAL $414.12




Appendix C: Product Design Specifications (PDS)
Title: Heart Phantom

Function: This project consists of designing a heart pharttobe used for the initial
testing of a new, solenoid-tipped catheter awaiBBg\ approval. This catheter will
ultimately be used to treat atrial fibrillation w@rdVIRI guidance. The transparent
phantom will be used to test the maneuverabilitthefcatheter under MRI guidance as
well as the high resolution imaging capabilitiesha vicinity of the solenoid tip. It will
consist of clear tubing of various sizes represgntortuous vasculature leading to a
single heart chamber. All “veins” must terminat®ae end of the phantom and be
sealed so they may be filled with a saline solutioaither a static or dynamic state
without risk of leaking.

Client Requirements:

e Must fit inside a cylinder with height and diamebeth equaling 13 inches.

¢ No ferrous materials are allowed.

e The heart can be simply defined by two chamberars¢gd by a thin, replaceable
membrane (disposable septum).

e The catheter must be able to puncture through #abmane separating the two
heart chambers.

e Must include tortuous vasculature.

e Allinlet vessels must converge into one singlgdavessel that goes into the
heart.

e Must include an inlet and outlet tube, through wihsaline can be pumped. The
inlet and outlet tubes must be on the same sidleeogylinder.

e Vessels should vary from % to %2 inch inner diametad at no point be smaller
than ¥ inch.

e The entire circuit of vessels should be capableeirg filled with a saline
solution and submerged in agarose gel without ifeaki

e All parts inside cylinder should be transparent.

e Under $1000.

1. Physical and Operational Characteristics

a. Performance requirements: All parts should be capable of being
removed and replaced as necessary. The devicbensiirrounded
in a casing that is completely leak proof and ableithstand
movement in all directions. The vasculature andth&®uld also

be completely leak proof and able to withstandpblking, sliding
and turning movements of the catheter while ingieeephantom.
Tubing must be able to fill completely to attaimtauous fluid

flow within vasculature.



b. Safety: The heart phantom must be completely leak paodf
lack ferrous materials so as to avoid a negatitexaction with the
MRI machine.

c. Accuracy and Reliability: The vasculature of the heart phantom
should be an approximation to that of a normal huritde heart
itself may be a simple plastic sphere with the podéto be

opened, allowing for a disposable septum or pidcaeaat to be
placed within. The pressure waveform created byptimping of
saline through the heart phantom should closelyméde that of a
pressure waveform created by blood in a human body.

d. Lifein Service: The phantom should have a life of at least five
years. The device will be used frequently with anthout the
pump. It should incorporate materials that canlga® removed
and replaced when needed.

e.Shef Life: The heart phantom will be stored primarily atmmoo
temperature. All batteries associated with tlieping mechanism
will need to be replaced as necessary.

f. Operating Environment: The device will operate inside an MRI
scanner as a saline solution is pumped throughdssels. The
remainder of the container will be filled with agamose gel. All
materials must be corrosive free.

g. Ergonomics. N/A

h. Sze: The casing is a rectangle 12 inches long, wittut¢ar end
caps of 12 inch diameter to fit the phantom inttylindrical MRI
scanner of diameter 13 inches and length 13 inchés. interior
of the product will need to be accessed for cleqamd
replacement of the disposable septum. The devitalso need
to be portable or able to be carried by an indialdu

i. Weight: The product should weigh no more than 20 Ibserwh
completely filled with saline and agarose gel.

J]- Materials: No corrosive material. No ferrous material as th
device needs to be used in MRI scanners.

k. Aesthetics, Appearance, and Finish: The device should be
completely transparent. It should have circularscap each end
slightly smaller than 13 inches in diameter soghantom can
easily slide into the outer-most cylindrical casprgvided by the



client. The shape of the vasculature is cylindrieatd the heart is
spherical.

2. Production Characteristics

a. Quantity: 1

b. Target Product Cost: Under $1,000.
3. Miscellaneous

a. Sandards and Specifications: N/A

b. Customer: N/A

c. Patient-related concerns. N/A

d. Competition: N/A
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