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MEMORANDUM
DATE: June 24, 1998
T Dr. Vinod Makhijani, CFDRC

FROM: Dr. Ajit P. Yoganathan ﬁ /7 «

SUBJECT:  Progress Report 1

Vinod,

I'have enclosed the following items relating to the status of the leaflet motion
visualization studies:

* Progress Report | outlining the protocol for these experiments and the work
done to date

® Video tape showing the downstream (I.V) view of the valve leaflet motion for
cardiac outputs of 5.4 and 4.2 I/min

e Diskette in spreadsheet text format that correlates points on the mitral flow,
LA pressure, and LV pressure waveforms to the corresponding frame numbers
shown with the images on the video tape

* Diskette of the contents and figures given in the progress report

If you have questions or comments about any of these items, please let me know via e-
mail (ajit.yoganathan@che.gatech.cdu) or phone (404-894-2849).

cc: Ina Lashley

A Uit of the Unifversity System of Georgia An Equal Education and Employment Opportunity Distitution


mailto:it.yoganathan@che.gatech.edu

June 24, 1998
PROGRESS REPORT 1

As part of CFDRC’s protocol to design and develop a computational model of
mechanical bileaflet heart valves, the Cardiovascular Fluid Mechanics group at Georgia
Tech, headed by Professor Ajit P. Yoganathan, will be conducting experimental studies
to provide boundary condition data and experimental validation of the model. The first
set of studies have began, and are intended to characterize the leaflet motion of a
mechanical bileaflet mitral heart valve under physiologic conditions. The following
protocol will be followed for these experiments:

1. All studies will be conducted with the CarboMedics Standard 29 mm heart
valve, Model 700, placed in the mitral position.

2. A pulsatile flow loop has been designed and built that offers stability and the
proper physiologic parameters to study the valve. The flow loop provides
optical access downstream of the valve while also allowing for side shots of
the leaflet motion. The testing will be performed under two physiologic
settings:

e (Cardiac Output = 3.5 - 4.0 I/'min

e Cardiac Output = 5.5 - 6 I/min
e 70 beats/min heart rate
e 860 ms cycle time with 520-550 ms diastole
e peak left ventricular pressure 120-150 mmHg

3. The Kodak Ektapro high speed camera (Model 1012; Eastman Kodak Co.,
San Diego, Ca) will be used to record the leaflet motion at 125 and 500
frames/second. The first view that will be recorded will be a downstream (left
veniricle) shot of the leaflet motion. As stated before, images will be recorded
for cardiac outputs of 3.5 and 5.5 I/min using recording rates of 125 and 500
frames/sec. Hence, a total of four measurements will be made for this view.
Once the post-processing for this view is complete, side views of the leaflet
motion will be made at 30 degree increments, ranging from 0 — 90 degrees
using the same flow conditions. Also, a top view of the hinge motion will be
taken using a specially designed clear housing model.

4. The aortic and mitral flow rates along with the left atrial and left ventricular
pressures will be monitored and digitized for each view recorded. A trigger
signal will be used to start the recordings for each view. This signal will set
the frame count on the high speed camera to zero. Correspondingly, the flow
and pressure waveforms will be recorded at a sampling rate equal to the
recording rate of the camera. This will simplify correlation of the waveforms
with its corresponding frame number.



5.

Because the flow probe is upstream of the valve, there is a phase lag between
the flow waveform and the actual flow through the valve. This phase lag must
be calculated in order to accurately correlate the frame number to its
corresponding point on the flow waveform. This will be done by placing a
flow probe, both, upstream and downstream of the model. The waveforms
from both probes will be recorded simultaneously and the phase lag will be
calculated as the difference between the peaks of the two waveforms.
Theoretically, one-half of this calculated phase lag should be equal to the
phase lag between the flow probe and the valve.

Progress to Date

A procedure and methodology has been developed to conduct the leaflet
motion visualization, and will be applied to each view that will be recorded.

A pulsatile flow loop has been constructed which provides the necessary
physiologic conditions to study the valve. Sample mitral flow, and left
ventricle and left atrium pressure waveforms from the flow loop are shown in
Figures 1 and 2, respectively. Figure 3 contains a composite of these 3
waveforms using the same time scale.

The video tape provided with this report contains the downstream or left
ventricle view of the leaflet motion for cardiac outputs of 5.4 and 4.2 I/min at
a recording rate of 500 frames/sec.

The data included with this report is a spreadsheet text file which correlates
the frame number shown on the video with its corresponding point on the
mitral flow, LV pressure, and LA pressure for both cardiac outputs. The
phase lag between the mitral flow waveform and the actual flow through the
mitral valve has not been made yet. Thus, this phase lag has not been
compensated for in this data.

A model has been designed and submitted to the in-house machine shop to
accommodate the clear housing model provided by CarboMedics. Once this
model is made, visualization of the hinge motion can possibly be performed
with the high-speed camera.

Future Plans

The leaflet motion data provided with this report will be discussed with CFDRC to
determine its potential in providing the necessary information for their left heart model.
Once this is completed, any modifications to the protocol will correspondingly be made
and followed to complete these studies.



Appendix

Catalog of video tape:
e 0:00 — 8:15 minutes : Downstream view of valve at cardiac output = 5.4 I/'min
e 8:20 — 16:45 minutes: Downstream view of valve at cardiac output = 4.2 /min
o Both sets of images are taken at 500 frames/sec

Catalog of disk 1:
» Spreadsheet text format:
¢ Filename: CO_5.4 => Approximately 6400 data points of the pressure and
flow that correspond to the first 6400 frames of the video at a cardiac output
of 5.4 /min
¢ Filename: CO_4.2 => Approximately 6400 data points of the pressure and
flow that correspond to the first 6400 frames of the video at a cardiac output
of 4.2 I/min

***Note: The phase lag between the mitral flow probe and the actual flow
through the valve has not been accounted for in this data set. Also, there are
approximately 14000 frames recorded for each of the cardiac outputs on the
video tape. These data sets are only for the first 6400 frames of each video
clip.

Catalog of disk 2:
¢ Microsoft Word 97 format
e Progress Report 1: All text and figures contained in this report
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Left Atrium and Left Ventricular Pressures
Cardlac Output = 5.4
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Figure 3
Composite of LA Pressure, LV Pressure, and Mitral Flow Waveforms
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TO: Dr. Vinod Makhijani, CFD Research Corp.

FROM: Professor Ajit P, Yoganathan % y

SUBJECT: Progress Report 2
DATE:  December 1, 1998

Since the previous Progress Report, several experiments have been conducted and
data has been provided to you for your computational studies. The high-speed
visualization of the leaflet motion was redone with improvements in the image quality,
and the incorporation of a new model that will be used in the remaining studies. Issues
were raised concerning the quality of the mitral flow, left ventricular pressure, and left
atrial pressure waveforms that pertained to the high-speed video recordings. In response
to these concems, the data initially sent were filtered to reduce the amount of noise and
oscillations in the waveforms. Since we have not heard anything to the contrary, we are
assuming these issues with the waveforms have been resolved to your satisfaction.

Flow visuslization experiments have been completed on the mechanical heart
valve. The video information is currently being reviewed and analyzed. A total of five
planes were studied at a cardiac output of approximately 4.5 /min. The locations of the
planes are shown in the attached figure. Flow patterns from each of these planes are
recorded on videotape to provide qualitative flow field information in the lateral and
central orifices, as well as a cumulative view of the three jets. Approximately 5 minutes
of video was recorded for each plane.

If you have any questions, please contact me via e-mail
.edu) or telephone ( 404-894-2849).

Ce: Duane Hutchinson, OCA (E17-602)
Pat Thomas, BME

A Unit of the Liniversity System of Georgin An Egual Eduention and Employment Opportumity Iirsitution
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DATE: March 1, 1998

TO: Dr. Vinod Makhijani, CFDRC

FROM:  Professor Ajit P. Yoganathan ﬂ ‘

SUBJECT: Flow Visualization Report on Carbomedics Valve
Vinod,

I have enclosed the following materials concerning the flow visualization studies
conducted on the Carbomedics 29 mm standard mechanical bileaflet heart valve:

* Flow visualization report describing 5 different planes that were investigated
* VHS tape (original) documenting the flow patterns observed during the study

* lomega Zip disk containing the report including figures, as a Microsoft Word
97 file

The study incorporated the same model used in the leaflet motion study to maintain
consistency between studies.

If you have any questions or comments about the study, please contact me.

cc: D. Hutchinson - OCA /

El7-60 2

—————

A Unit of the University System of Georgia A Equal Edveation and Employnient Opportunity tnstitution



FLOW VISUALIZATION STUDIES CONDUCTED ON THE CARBOMEDICS
29mm STANDARD BILEAFLET MECHANICAL HEART VALVE IN THE
MITRAL POSITION

RAHUL SAXENA
PATRICK WILKERSON
REGENTS PROFESSOR AJIT P. YOGANATHAN

CARDIOVASCULAR FLUID MECHANICS LABORATORY
GEORGIA TECH/EMORY SCHOOL OF BIOMEDICAL ENGINEERING
654 CHERRY STREET
ATLANTA, GA 30332-0535
PHONE # 404-894-2849
FAX # 404-894-4243

March 1, 1999



PURPOSE:

The purpose of the flow visualization experiments was to gain qualitative insight
to the flow patterns initiated by the Carbomedics 29mm bileaflet mechanical heart valve
in the mitral position. The results will also be used to provide qualitative validation of
computational results obtained from CFD simulations.

METHODOLOGY:

The flow visualizations studies were conducted for the Carbomedics 29mm
bileaflet mechanical heart valve (serial # C348535-F ) under mitral conditions. In order
to study the downstream characteristics of the heart valve, the valve was placed in a rigid,
acrylic model (Figure 1) that was also used for previous studies examining the leaflet
motion of the valve. The model was connected to a pulsatile flow loop (Figure 2)
controlled by the Georgia Tech Pulse Duplicator to implement the appropriate mitral
conditions. Resistance was controlled by using an externally pressurized Gooch tubing in
series with a clamp resistor. The flow loops used an electromagnetic flow probe
(Carolina Medical Inc., 3182DA) to monitor the cardiac output and flow rate. Validyne
pressure transducers (Model DP15-24, Northridge, CA) interfaced with an amplifier
(Northridge CA, serial # 103649) was used to monitor the simulated ventricular pressure
waveforms.

The mitral conditions used to test the 29 mm Carbomedics heart valve entailed a
cardiac output of 4-5 I/min with a peak mitral flow of 12 I/min and a peak left ventricular
pressure of 120 mm Hg. The fluid used in the flow loop was saline solution, 0.9% by
volume. The downstream flow field was illuminated by aligning three laser light sheets
to create a single sheet, approximately 2 mm thick. Each laser light sheet was generated
by focusing a 7 mW Aerotech (Pittsburgh, PA) Helium Neon laser through a cylindrical
lens. The flow was seeded with Pliolite (Goodyear Chemical Co., Detroit, MI) particles,
40pm in diameter, for illumination by the laser light sheet. The combined He-Ne light
sheet was placed in five different positions (Figure 3): the center plane; the leaflet plane;
the lateral plane; the perpendicular center plane; and the perpendicular off center plane.

A JVC video camera (model #GR 303) was placed perpendicular to the plane of
light to document the particle streaklines for each planar position. A second video
camera (Panasonic model #AF XCCD) was used to record the flow waveform that was
displayed on the oscilloscope. This allowed the flow patterns to be correlated with their
corresponding phase in the cardiac cycle. The signals from both cameras were sent to an
Audio/Video mixer (Panasonic model #WJ MXI10) where the images of the flow
waveform were super-imposed on the image of the flow field/valve model. From the
A/V mixer, the combined video signal was sent to a VCR (Panasonic model #AG 300)
which recorded images at a standard frame speed of 30 frames per second. A catalog for
the video tape is provided with the figures in this report.



RESULTS

Figure 4 — Center Plane:

As the leaflets opened, a strong central jet issued from the orifice with small vortices
forming near the sinus wall. As the acceleration phase continues, the central jet becomes
confined from the expanding vortices and narrows downstream of the valve. The jet
extends approximately 4 cm distal to the valve and the vortices occupy approximately
60% of the flow chamber at peak diastole. At this time, the vortices had become
elongated and moved further from the orifice. Reversed flow is observed near the
chamber walls.  During deceleration, the central jet diminishes greatly, becoming
unstable and not well defined. The vortices have moved further downstream where they
begin to dissipate.

Figure 5 — Leaflet Plane:

As the leaflets open, a small but strong jet is observed off the leaflet. Vortices are formed
very close to the leaflets and span from the chamber walls to the central jet. Once peak
diastole is reached the central jet has widened considerably and the vortices have become
elongated and traveled along side the chamber walls. The vortices also move
downstream throughout the acceleration phase. During the deceleration phase of the
cycle, the central jet diminishes greatly and the vortices move back toward the valve,
central to the chamber and dominate the flow in the chamber.

Figure 6 — Lateral Plane:

As the leaflets open, a very strong and wide central jet emanates through the lateral plane
orifice. The jet appears to occupy the entire lateral orifice and travel 5-6 cm into the flow
chamber. Vortices are present along the walls of the chamber but are further downstream
of the valve leaflets than in the central and leaflet planes. At peak diastole, the jet has
become even larger in size and magnitude, expanding to occupy the majority of the
chamber diameter. The vortices have moved downstream slightly (but not nearly as
much as in the central and leaflet planes), and continue to be confined to near the
chamber wall. During deceleration, the central jet diminishes greatly in magnitude but
continues to persist although in diameter. The jet is somewhat unstable along the edges.
The vortices have continued to move downstream of the valve.

Figure 7 — Perpendicular Center Plane:

As the leaflets open, distinct jets are observed from the three orifices. The jets from the
lateral orifices appear strong with streaklines extending approximately 4 cm. Vortex roll-
up is seen distal to the valve and between the lateral jets and flow chamber walls.
Streaklines from the central orifice extend approximately 3 cm, although the jet is not as
well defined as the lateral orifice jets. At peak diastole, the three jets are much stronger
where the lateral jets extend 6 cm downstream and the central jet 4 cm downstream.
Disturbed flow can be seen near the flow chamber walls. The lateral jets appear to be at
the same angle as the open leaflets. The central jet is more axial and widens as it travels
downstream of the valve. The vortices dissipate and are no longer observed. During



deceleration, the entire flow field becomes more unstable. However, there is still
evidence of small jets coming from the lateral orifices.

Figure 8 — Perpendicular Lateral Plane:

During the opening phase, strong jets are observed form the lateral orifices, similar to the
perpendicular central plane. Flow from the central orifice shows disturbed flow near the
valve and evidence of a jet further downstream of the valve. Vortices are again observed
between the lateral jets and the flow chamber wall. The lateral jets continue to be strong
at peak diastole and the vortices again dissipate. At this point, the central jet still has no
clear, defined jet structure. During deceleration, vortices develop further downstream of
the valve while the entire flow field becomes unstable except for very small jets which
still emanate from the lateral orifices.

DISCUSSION

The acceleration phase of the 29 mm Carbomedics Standard valve shows high
velocity jets from the three orifices. During this time, vortices are shown to form near the
flow chamber wall in each of the planes studied. This can be attributed to the expansion
in geometry of the flow chamber model. In comparing the streaklines and flow patterns
between the central and lateral orifice planes, a noticeable difference was observed in the
size and magnitude of their respective jets. The lateral jets appear to be larger and faster
than the central jet. This is further evidenced in the perpendicular planes where the
lateral jets are larger and streaklines extend further than the central jet. The off-center
perpendicular plane also shows strong jets from the lateral jets, but little evidence of a jet
from the central orifice. This is probably due to the central jet not being large enough to
be captured by the laser light sheet at that location. During deceleration, the central jet
appears to diminish faster than the lateral jets. This may be attributed to the closing
phenomenon where the central orifice area decreases faster than the lateral orifice areas.
The deceleration phase also shows the vortices to dissipate, creating disturbed flow
around the valve.



CATALOG OF VIDEO TAPE

TIME TITLE CARDIAC OUTPUT
0:00:00 Central Plane ~ 4.5 l/min
0:05:02 Leaflet Plane ~ 4.5 |/min
0:10:03 Lateral Plane ~ 4.5 |/min
0:15:07 Perpendicular Center ~ 5.5 l/min
Plane

0:20:07 Perpendicular Lateral ~ 5.5 Ifmin
Plane

0:25:14 Perpendicular Center ~ 5 l/min
Plane

0:30:16 Perpendicular Lateral ~5 |fmin
Plane
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DATE: August 5,1999
TO: Dr. Vinod Makhijani, CFDRC
FROM:  Professor Ajit P. Yoganathan ﬁ
SUBJECT: LDV Report on Carbomedics CPHV 29 mm Mitral Valve

Enclosed is the Final Report on our NIH SBIR sub-contract with CFDRC. This report
contains all of the results of the Laser Doppler Velocimetry study on the Carbomedics
CPHV 29mm mitral valve. In addition to the written report, I am including a zip disk
with the necessary data for your CFD comparisons.

If you have any questions please contact me.

Ce: D. Hutchinson — OCA |/~
P. Thomas - BME
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3-D LDV Measurements Immediately Distal to the Carbomedics 29 mm
Bileaflet Mechanical Prosthesis
Final Report to CFD Research Corp. on NIH SBIR Grant

Sub-Contract E17-602

By Brandon Travis and Ajit Yoganathan*
School of Biomedical Engineering
Georgia Institute of Technology
315 Ferst Street

Atlanta, GA 30332-0363

*Regent Professor

School of Biomedical Engineering

Phone — (404) 894-2849

FAX —(404) 894-4243

e-mail — ajit.yoganathan@bme.gatech.edu
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PURPOSE:

Computational methods have the ability to simulate fluid dynamics in a cost and
time effective manner. Computational simulation of simple flows, such as steady laminar
flow within rigid pipes, is very accurate. The flow fields near bileaflet mechanical heart
valves, in contrast to simple pipe flows, have the added complexities of three dimensional
unsteady flow, moving boundaries, and turbulence. It is therefore desirable to validate
the accuracy of computational simulaﬁon of flow near bileaflet prostheses using an
experimental technique.

The current "gold stanciard” of éuch techniques is laser Doppler velocimetry
(LDV). LDV is a noninvasive technique, which offers excellent spatial and temporal
resolution. The large amount of data collected by LDV can be used to determine mean
velocities and Reynolds stresses with a high degree of statistical accuracy (6% and 20%
error in this study, respectively). Thus LDV is currently an ideal instrument for the
validation of computational simulation.

The purpose of this study was to use LDV to quantitatively characterize the
behavior of bulk forward flow immediadely distal to a mitral bileaflet prosthesis. The
results of this study will provide a “gold standard” for checking the accuracy of
computational flow simulation through the same mitral bileaflet mechanical prosthesis.

Accurate flow simulations near mechanical prostheses are desirable because
localized regions of high viscous shear stress, turbulence, recirculation, and stagnation
may initiate blood cell damage and thrombus formation with mechanical prosthetic heart
valves. The reduction or elimination of such potentially hemolytic or thrombogenic

zones is an important design criterion. Accurate computational simulations may one day



enable the fluid dynamics of valve designs to be studied in detail without the creation of

prototypes.

METHODS:
Valves and Flow Loop:

A Carbomedics 29 mm bileaflet valve was inserted into an acrylic flow chamber.
This flow chamber (shown in Figure 1) was a rigid model of the left heart near the mitral
valve. This model was designed and built for use with a clear housing model of the
Carbomedics valve that was prc_)posed in-a previous study requested by CFDRC in the
NIH grant application and for the actual valve LDV study which is reported here. The
large capacitance of the atrial chamber and the converging outlet of the left ventricular
chamber minimized pressure reflections within the loop. The flow chamber and valve
were placed into the Georgia Tech left heart simulator (Figure 2). Flow was driven
through the simulator by a pneumatic pulsatile pump. Clamps and elastic tubing were
used to adjust resistance and compliance within the loop until physiologic mitral flow,
atrial pressure, and left ventricular pressurc waveforms were attained. Mitral flow rate
was measured with a 24 mm ultrasonic flow probe and flow meter (Transonic Inc. Model
T108; Ithaca, NY) positioned just downstream of the model in Figure 1. Atrial and
ventricular pressure were measured with disposable physiologic transducers (Maxim
Medical, Athens, TX) positioned at the bottom of the L-shaped atrial chamber and just

distal to the expansion region of the cylindrical ventricular chamber in Figure 1.



1.4 MB floppy with this report. The dimensionless parameters for the experiments were

as follows:

Mean Reynolds Number Peak Reynolds Number Womersley Number

770 3570 20.2

A dynamic pressure scale was chosen, allowing the Euler number to reduce to the
Reynolds number. The length scale used in the calculation of the above dimensionless

numbers was the tissue annulus diameter of the valve (29 mm). The velocity scales used

in these calculations were defined as:

_Qpeak __Co
v = v =
peak = 1 4 D? e ST

where Q,,;, was the peak systolic flow rate, CO was the cardiac output, and D was the

tissue annulus diameter of the valve.

Laser Doppler Velocimetry:
Insfrumentation:

Measurements were made using a three component fiber optic laser Doppler
velocimeter (Aerometrics Inc.; Sunnyvale, CA). A four Watt Argon-ion laser was
coupled to a prism, which separated the incoming multiline beam into beams of three
wavelengths: green (514.5 nm), blue (488 nm), and violet (476 nm). Each of these

beams was split in two by a triangular mirror. One beam of each resulting color pair was




sent through a Bragg cell, which added a 40 MHz frequency shift to these beams. Each
of the six beams was then transmitted to transceiver probes through fiber optic cables.
The 100 mm focal length transmitting optics in the transceiver probe created an ellipsoid
shaped intersection of the beams of each color pair, shown in Figure 4. This ellipsoidal
sample volume had a minor axis of 21 pm and a major axis of 140 pm. Within this
sample volume, the intersecting beams created a mobile interference pattern.

Data Collection:

The transceiver probes were positioned about the flow model (Figure 5) such that
the beams intersected at the sa_rne location within the model and that the interference
patterns created by the intersection of each color pair were orthogonal. The violet beams
were used to measure the axial velocity component, while the blue and green beams were
used to measure the radial and circumferential components, respectively. A silicon
carbide particle passing through the beam interference patterns reflected bursts of light
when passing through the bright bands. These bursts of light were captured by receiving
optics and transmitted to photomultiplier tubes. The resulting voltage signals from the
photomultiplier tubes were processed using Aerometrics RSA 2.1 real-time FFT based
Doppler signal processors. These signal processors calculated the frequency with which
the particle passed through the bright bands of the interference patterns. This frequency
was multiplied by the bright band width to obtain the particle velocity. Coincidence
filters were imposed on the three signal components to ensure that all three components
of velocity were measured for each detected particle. Software from Aerometrics was
used to control the photomultiplier hardware and the RSA processors. A resettable clock
was used to synchronize velocity measurements of particles passing through the sample

volume, mitral flow rate signals, and atrial and ventricular pressure signals with cycle






