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YEAR 1

Study time-dependent FSI problem in flow chamber giving rise to Coanda effect.
Obtain Bifurcation Diagram for physiologically relevant pressure data.

YEAR 2

Produce compliant orifice plates giving rise to Coanda effect.
Compare in vitro and in silico Coanda flows.
Compare Coanda flows in mock prolapsed and in mock planar regurgitant valves.

YEAR 3

Classification of color Doppler presentations of regurgitant jets.
Study improvements in color Doppler quantification of MR jets.

TABLE 1: Timeline for the proposed work.

Actions taken towards goals

» Designed and fabricated physiologic imaging chambers and Coanda effect test
plates for in vitro study of Coanda Flows.

« Evaluated one Coanda effect test plate within the in vitro flow system using 3D
color Doppler to obtain preliminary data and assess the efficacy of the model.

» Created STL files for meshing of imaging chambers and test plates to use in
numberical simulations.

» Created an MRI compatible flow loop that can allow for further validation of
numerical simulations by utilizing velocity field measurements taken from 4D PC-

CMR.
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Research and education activities

One biomedical engineering undergraduate student from Texas A&M
University (Rock Rickel) was involved in the project in 2014. Rock
participated in concept development and CAD design of experimental
mitral valve prolapse constructs as an summer intern within the Houston
Methodist DeBakey Heart & Vascular Center. Rock was mentored by
Matthew Jackson and Stephen Little throughout the internship.

One cardiology post-doctoral fellow (Dimitrios Maragiannis) was involved
in the concept development and clinical imaging conducted over the last
year. He has been mentored by Stephen Little through out his time at
Methodist. He is in the process of completing a PhD in Cardiology at the
15t Department of Cardiology, National and KA Podistrian University of
Athens, Hipokration General Hospital in Greece.

Dr. Little provided a guest lecture for Dr. Canic’s applied mathematics
graduate course: Cardiovascular Hemodynamics, and invited Dr. Canic
and her entire class (10 graduate students) to tour his lab and watch a
live cardiac surgery procedure.
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Research and education activities

Little presented research related to this NSF proposal at
conferences including: Annual scientific sessions of the
American College of Cardiology, and of the American Society
of Echocardiography.

Jackson presented research related to this NSF proposal at
conferences including. MBI Special Topics Workshop
“Mathematics Guide Bioartificial Heart Valve Design”
(Colombus, October 2013), Biomedical Engineering Society
(Seattle, September 2013)

Maragiannis presented research related to this NSF proposal
at conferences including: American Society of
Echocardiography (Portland, June 2014), American Heart
Association (Dallas, December 2013)
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Research and education activities

Collaboration with Mathematicians: Collaboration with Prof. Suncica
Canic and Annalisa Quaini of University of Houston with the member of
the Houston Methodist research team has been further established in
design of experiments and test constructs to most effectively test
mathematic hypotheses.

Organization of Symposia and Workshops: The Pls organized a Special
Topics Workshop at MBI in October 2013. The title of the Workshop was “
Mathematics Guiding Bioartificial Heart Valve Design”. Invited speakers
included: Prof. Arash Kheradvar of UC Irvine, Prof. Boyce Griffith of NYU
Medical Center, Dr. Gerald Lawrie of Methodist Hospital, Prof. Alessandro
Veneziani of Emory University, and the Pls. Dr. Little organized a heart
valve summit in March 2014 (Bastrop, TX) and a workshop focused on
clinical use of multimodality imaging in cardiovascular disease in
September 2014 (Houston, TX).

Special Courses: Little---add courses if any
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Moving forward from the previously described echocardiography and Doppler
ultrasound compatible cardiovascular flow simulator the team at the Methodist
Hospital focused their efforts on development of an MRl compatible mock circulation
flow loop. The development and validation of the accuracy of this simulator within the
MRI scanner for assessing valve function and transvalvular flow was published this

year.*
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FIGURE 1. MRicompatible system: all ferromagnetic elements, the linear actuator, servo, and control laptop are positioned
outside the 5§ gauss line (dashed line) of the MR magnet (a); where the magnetic field is negligible. Components of the system G0 T T T v v
Include a linear actuator (b); heartbeat simulator control software (c); extended drive shaft (d); linear motion bearings (e); weight G0 T0 8o 1) 100 110 120
bearing support tripod (f); and linear couplings (g). The flow loop is positioned within the bore of the magnet (red arow). Flow Transducer DFV [ml.rbaat}

MRI compatibility will allow for quantification of the volumetric velocity field utilizing 4D-flow
phase contrast cardiac magnetic resonance (PC-CMR). This will provide a unique data set
by which to validate numerical simulation findings.

*Jackson MS, Igo SR, Lindsey TE, Maragiannis D, Chin KE, Autry K , Shah DJ, Valsecchi P, Kline WB, Little
SH. Development of a Multi-Modality Compatible Flow Loop System for the Functional Assessment of Mitral Valve
Prostheses. Cardiovascular Engineering and Technology 2014, 5(1), 13-44.
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The group at Methodist has also developed a new mitral valve imaging chamber that
incorporates four pulmonary artery inflow tubes, atrial compliance, a prolate ellipsoidal
ventricular shape along with a accurately positioned left ventricular outflow tract. This
chamber incorporates the same physiologically accurate echocardiography windows as
previous imaging chambers as well as uses only non-ferromagnetic materials to allow for

further MRI compatibility.

FIGURE 3. Mitral valve imaging chamber an exploded view
of a CAD model of the imaging chamber shows the layout of
the three maln components; The atrial chamber (g) Is shown
with one of the two dual inflow tubes (b) representing the
pulmonary weins and the compliance tower (c) wvislble;
Between the ventricle and atrial components a valve-mount-
ing plate (d) i shown with a mechanical mitral vahe mounted
in its center; The wentricle chamber (g) Is shown with the laft
ventricular outflow (g), parasternal imaging window (f), and
aplcal imaging window (h) identified.

FIGURE 8. CMR imaging of mitral valve prostheses: a 31 mm Hancock |l bloprosthetic and a 31 mm Medtronic Open Pivot™
Mechanical MV prosthesis are shown. During systole the bioprosthetic and the mechanical valve are closed as can be seen in short
axis views (a, b, respectively) and orthogonal long axis views (c, d, respectively); During dastole the bioprosthetic and the
mechanical valve are open in short axis views (e, f, respectively) and orthogonal long axis views (g, h, respectively). Note that two
different but orthogonal long axis views were used to visualize the leaflet motion of the mechanical and bloprosthetic valves,
hence the apparent difference in Imaging chamber geometry. Dashed amrow indicts flow direction.
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To act as a bridge between simulations within in vitro stylized geometric models towards
patient specific data sets, Methodist Collaborators have begun developing a technique of
creating 3D printed patient specific models of valvular disease conditions, by which in the
future computational models can be validated across more complex conditions that would
be encountered within the human anatomy while still under controlled, measureable flow
conditions. (Maragiannis et al, JACC 2014)

CT-3D Rendering 3D-Printed Model Doppler Ultrasound Model TAVR
Patient

Figure 1. Computed tomography (CT) data from a patient with severe aortic stenosis

Long axis (A) and short axis (B) views were segmented into soft-tissue structures (red) and calcific nodules (white). These DICOM
data were manipulated in engineering software to create 3D printed fused-material patient specific models, long axis (C) and short
axis (D) views. Functional aortic stenosis was demonstrated with matched Doppler characteristics between the clinical patient
study (E) and the patient-specific model (F). Deployment of a transcatheter aortic valve within a model is demonstrated (G) with
regional “calcific” resistance (yellow arrow) to a self-expanding nitinol stent frame as viewed from the left ventricle (H).
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Publications Related to NSF Research
Research Highlights

1. Maragiannis D, Jackson MS, Igo SR, Chang SM, Zoghbi WA, Little SH. Functional 3D
Printed Patient-Specific Modeling of Severe Aortic Valve Stenosis. JACC Vol.64, No. 10,
2014. ISSN 0735-1097. September

2. Jackson MS, Igo SR, Lindsay TE, Maragiannis D, Chin KE, Autry K, Schutt Ill R, Shah
DJ, Valsecchi P, Kline WB, Little SH. Development of a Multi-modality Compatible Flow
Loop System for the Functional Assessment of Mitral Valve Prosthesis. Cardiovascular
Engineering and Technology.2014 March 5(1)

PBMES

Development of a Multi-modality Compatible Flow Loop System
for the Functional Assessment of Mitral Valve Prostheses
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Functional 3D Printed
Patient-Specific Modellng

assessed transvalvabs stroke volume fow. An il
fiow comdmon fer the madel was chown  repls
cate the sircke vohume remrded duning the clini
@l

of Severe Aortic

Compnted tomagraphy (CT) provides high-resclsion
images of the aomic valve with chear locabiranion of
calcium deposifion. Three-dimensional (D) sterea-
Bthographic prmting ean be umd t mmer hes

tmnsdnzer and nommagng probe GRn, Phiip
Healthcare, Andoves, Massachusetis) wers used Br
Farcrioral imaging of the 10 madel, Acrie valve area
{AVA) i cm) was calcudaied by the Doppler cants
nuny method such at A VAugsu ~ T0ke volume/
ime wlocey gl (V1) where T wassmed

4an
patiene specshe, multmarenal, 30 pried. models
conld be ceated from dimical CT imagmg deea, and
these models woull acaurately replcate both the
ansmmis and fmerimal charszenzes

acriic valve stenasi US).

We ratros pectively selected imaging dati fram 2
o of patients (N - 250) who had undergne hoth
€T d Doppler echocardiographic Sudies before

tramcatieter sorfc valve rephicsmert. Hlectrocar
ingram (BCG) gated mad sysmbe CT DICOM @ggeal
Immging and Communications: @ Medicine) mages
were mpored mtn smtomic modehng sofwze
(M X6.4 15.0, Materialice, Leaven, Belgium) wth
wahich the smtomic regiens of mrssese (i veni.
uh outflow tract LV, aartic valve, and prozmal
asrending soms) wese sokieed and cakhed regens
Mentfied By combamng the clafed and nan-
calesfed tmage damsers, we then creased oD fased.
materal physcal modek: of this patient ectic
anammy. Caleied smtomac regions were pried
wamg 3 nipd matersl (VeraWhinebus RGDS2S, Ser.
tasys, Rehavat, krael, and all st tme sructures
(mcalefied cum sgments, LVOT, and asrendng
acrta) were pimted uang 2 rubber-bke maternl
(cbjer Tangothus FiXg30, Stranasys).

Fer the fmetonal assesment of thes parient
pecfic AS madek, we then coupld each model to
o pubsarie fow iraging cirme, which ks besn
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prireed valve.
construct.

In toral, we created 30 prined AS madels fr
4 different putients and performed functional
restng of each madel under 7 differene flow con
amom. Each model demanstrated accurate repro
Ausmon of the mlafie depesws withm the LVOT,
acric cusps, and aortic root. In addition, e shape
of the orfiee area at the cusp tipe waz qualeatmely

smilar in @mparson to the camespmding
chimial CT. Utrasmnd imaging prepemiss of the
functioml consiruct were smilar in qualiy to the
chimial mudy. Spestral Doppler evakuanion revealed
smmilx signal qualry and repbeation of dmscaly
meaninghd hemodymmic vahies. Mean Doppler
AVA was 065 = 015 em® (rnge a1 to 047 an?)
and mean Doppler gradient was 36.1 = 147 mm Hg
(range 126 t 613 mm Hg), and comelwed wel
with cathewrderived AVA and mean gadient
(1= 0975 mnd 7~ 076, p < 0001, regectively)
For sach patient model, the AVAscppie difference
Benween the model and dmisal echocardiography
study was small {rnge 0% to A7 dffersnce),
with some of that vararion bemg anrhuwable ©
Iimitatins of the LVOT Doppler method & defining
the tras LV stroke volime. These data mggest thar
the geomemme valve srea of the model was an

te veplication ofthe patients” valve area, and
that the wmsmnd prpemiss of the model
swere sufficient to permit dagname quabity Deppler
imaging (Figurs 1.

Previons smdies have ested madsls of crdine
walves, aorsic racr, and varisns songeniral strocrard
defeas fom cinial echocardiographic ar CT data
Hewever, thess anatomsc models were noe
created to be funchoml @mEcts or fo permit
repheation of pasholagical hemodynamis conditens.
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Collaborators have designed and fabricated 3 Coanda test plates of different scales
(height to width orifice ratios of 1:3, 1:5, & 1:10) with ultrasound noise reduction dimples,
and physiologic MV geometry for use to test the Coanda effect mathematics.

Az —-F2
|
1:3 Height to Width Ratio 1:5 Height to Width Ratio 1:10 Height to Width Ratio

&"-",l" h N ) " =

All plates are created using a high resolution 3D printer (Projet, 3D Systems) that allows for high accuracy
translation of computer rendered geometries in the form of an STL file into physical models made of
plastic. This same STL file can be ultimately meshed and used for numerical simulations.
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2D color Doppler 3D color Doppler
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Wall hugging (coanda) effect is clearly demonstrated while pulsing flow through a
3D printed plate designed to replicate mitral valve prolapse. Both 2D and 3D
color Doppler echocardiography demonstrate the eccentric MR jet (red arrow) as
it flows from left ventricle (LV) to left atrium (LA).
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* Evaluate all Coanda test plates in the controlled flow loop
over multiple flow conditions utilizing echocardiography &
PC-MRI for measurement of velocity, transvalvular gradient,
and flow volume.

« Compare in vitro and simulated results.
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