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Introduction these areap4]. Furthermore, the length scale of the smallest tur-
When the function of one of the valves of the heart becomg :gfnn;tg?g;eslxzsggﬁ&? tgu%(;;gi:;Eitolrefi:lza%fen:ﬁgonlgur?3ae;\?;he
severely compromised, it is often necessary 1o replace the fau F/ots can disrupt the blood elements and initiate thrombosis. The

valve W'th.a functlona_l pros_the5|s. The choice of a meghanlc %akage flow patterns of many prosthetic valve designs have been

valve provides the patient with a durable replacement with gOclanvestigated in vitrd5—-12), and other in vitro experiments have

hemodynamics. However, mechanical prostheses promote thro%- ’
C

boembolism, and patients with these valves must undergo lifelo monstrated the tendency of leakage to induce damage to the

oral anticoagulation therapy. U\?h?ltet?ri brlgsosci{vls i_nla}hat they have shown thus far, in vitro
The design characteristics of mechanical prostheses that pro- P y '

mote thrombosis are currently unknown. However, recent cIinicSllmUIatlons may not closely approximate the flow patterns and

h I . "NICbulence of mechanical prosthesis leakage flow. Previous turbu-
experience and subsequent in vitro analysis of the Medtronic Par- : . ST

) . . nce studies of leakage flow have been carried out in rigid simu-
allel (MP) prosthesis suggests that leakage flow is a potential ¢ i'tors using fluids that mimic the viscosity of blood at high shear
prit. Although this valve design offered an improvement in for- ' 9 y 9

ward flow hemodynamicg1], it performed poorly in clinical rates. The rigid _5|mulators used in the studle_s of leakage flow
T . . . . tHrough prosthetic heart valves do not closely simulate the natural
trials; approximately 20% of patients in these trials develope

: . jeometry of the circulation. Although often analyzed as free tur-
thrombosu;[Z]. Explants _from these patients shovx_/ed that throrTgulentjets, which are independent of chamber geometry, the leak-
bus formation was localized to the pivot arda$ (Fig. 1). Flow

through the pivots of bileaflet prostheses had not been previou grto faﬁzjoztgf?r?ifer eﬁ;t\/;?:]\;gfa:t‘%ﬁ I\:vnifr:r}ggocr)nninth?o\;vv?grs d ?If o;[/\r/]e
investigated, and novel in vitro experiments using a valve with a"_ y 9 )

: . . n addition, previous turbulence studies on leakage flow through

clear housing were performed to study this flow. Analysis of data . . .
. ; . . rosthetic valves have used Newtonian blood analog fluids. The
from these experiments revealed regions of highly disturbed vor-

. L > . ength scales of the leakage gaps are only one order of magnitude
tical flow within the gaps of the MP pivots during the phase of th X
cardiac cycle when the valve was closed, the leakage [Bage %rger than the length scales of the blood cells themselves, which

Turbulent shear stresses as high as 360 2N#mare reported in may cause blopd to behave in a non-Newtonian fashion. Many
studies on capillary flow and a study on leakage flow through

s i thor: R h Fellow. Department of Cardiothoraci dvférosthetic valves suggest that blood does not behave in a Newton-
orresponging author: Researc ellow, Department 0 ardiothoracic an - . . . .
cular Surgery, Ahus Universitetshospital, Skejby Sygehus, Brendstrupgaardsv n faShlqn durmg the leakage ph«’:[&é,lﬂ. Since thege pOSSIble
8200 Arhus N, Denmark. Phone+45 89495485; Fax+45 89496016; e-mail: Shortcomings could have a large effect on the magnitudes of leak-
brandontravis2001@yahoo.com o age jet turbulence, it may be necessary to study this turbulence in
Contributed by the Bioengineering Division for publication in WBUENAL OF y;jyo using whole blood and a physiologic cardiac geometry. The
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- X ! .
sion September 5, 2002; revision received October 1, 2003. Associate Editor: C.HIPOS€S of this work were to introduce such a technique for the.
Ethier. measurement of leakage jet turbulence, to develop a data analysis
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Fig. 1 A bileaflet mechanical prosthesis, emphasizing the
pivot region.

method for measurements collected using this technique, and to
compare magnitudes of Reynolds stress observed from this
method and simulations previously performed in vitro.

Materials and Methods

Experimental Setup. This experiment was performed using a
90 kg female pig, of mixed Landrace and Yorkshire breed. This in
vivo model was chosen because the pig heart resembles that &iga 2 Traverse apparatus used to move ultrasound trans-
human in geometry and size. Upon arrival to the laboratory, tiggicer. The mounting portion of the apparatus is sewn to the
pig was intramuscularly anesthised with 50 mg midazo(&mor- valve, allowing a precise positioning of an ultrasound trans-
micum®) and 5 mg azapevofStresnil®. When the pig was still ducer with respect to the valve.
and relaxed, intravenous access was obtained through an ear vein.

Through this port, the pig received an additional injection of 50

mg midazolam and 1000 mg ketaniiketalar®) to enable endot-
racheal intubation. This tubing was coupled to a ventilator, a
anesthesia maintained with midazola@5 mg/kg/hy, ketamin
(1250 mg/kg/hy, and fentanyl(Haldid®, 1000ug/kg/hn through-

was allowed to resume sinus rhythm. A custom 10 MHz ultra-
und transducer was placed on the traversing portion of the ap-

paratus. This transducer was connected to a VingMed amplifier

(Vingmed, Horten, Norway, Model ALFRED which was oper-

fluid filled catheters connected with a CardioMédodel 4008,
CardioMed A/S, Oslo, N@ These pressure measurements we
obtained via the surgically exposed right external jugular vein ap
right carotid artery.

A midline sternotomy was performed to expose the heart. Aft

tests on the PDU systefi8] have quantified the-3 dB cutoff
quency of the ultrasound system at 200 Hz. The sample volume
r this apparatus was a cylinder approximately 1.5 mm in diam-
eter and 1.0 mm in length. The pulse repetition frequency of the

e ! . Hansducer/amplifier pair varied between 29 and 42 kHz during the
full heparinization, venous and aortic cannulae were introduc

. . eriment, depending on the depth of measurement. The
Cardiopulmonary bypass was then started to allow aortic crogﬁ—p b g b

| . d cold cardiopleai Thi it gMed and Millar amplifiers were interfaced with a PCM data
clamping and cold cardiop egylc arrest. This arrest was perform order(TEAC, Tokyo, Japan, Model RD 180®&nd an analog/
by the infusion of St. Thomas’ solution in the aortic root every 2.

. - igital converter(National Instruments, Austin, TX, USA, Model
min. Blood gasses and hemodilution were measured every 20 nAbﬁ_ K

durina b . ABLRadi C h DK MIO16-E2). Digital information from the converter was inter-
uring bypass using an ABIRadiometer, Copenhagen, DK, o104 ysing a computer. Peak pressure within the left ventricle of
Model 615. The mitral annulus was exposed using a left atri

incision. A St. Jude Medical standard size 29 mitral valve w. etap;%(\;\tlj?ssiti?sasured between 91 and 130 mm Hg throughout
mounted and sewn tightly to a traverse apparatus using 15 2-Oygor the necessary measurements were acquired, the pig was
ple_dgeted mattress sutures with the pledgets on the atrial SIgﬁthanized by direct injection of a saturated potassium chloride
This traverse apparatiiig. 2), enabled an ultrasound transduceg yion into the left ventricle. All procedures were conducted
to be moved in three dimensions with respect to the valve, with @il .o ing to approval from the Danish Inspectorate of Animal
accuracy of+1/8 mm. The valve and mounting portion of theExperimentation.
apparatus were implanted in the anti-anatomic position of the mi-
tral annulus of the pig. The atrium was sutured around the rodData Acquisition. Before measurements were obtained, the
connecting the mounting portion of the apparatus to the transvelseations of the leakage jets had to be determined. Approximate
ing portion. The traversing portion of the apparatus, which wascations of leakage jets with respect to several bileaflet valves
located outside the heart after the suturing of the atrium, allowédve been determined earlier in a series of experiments by Stee-
manual movement of the ultrasound transducer during the expeagérs et al[9]. The results of these experiments were used to de-
ment. The surgery simulated a normal mitral valve replacemefipe an interrogation area 1 mm upstream of the pivot guards of
with the exception that the atrium was sewn around a stiff metdde valve (approximately 5 mm upstream of the pivptsvithin
rod. which half of the leakage jets of the valve should be located
Micro-tip catheter pressure transducefdlillar Instruments (Figure 3. The traversing apparatus was adjusted until the ultra-
Inc., Houston, TX, USA, Model SPC-3h0nterfaced with battery sound transducer contacted the atrial wall, and was positioned 1
powered amplifiers, were inserted into both the left atrium and leftm proximal to the pivot guards of the valve housing. The tra-
ventricle. Cardiopulmonary bypass was terminated, and the heegtsing apparatus was used to move the ultrasound transducer in 1
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Ultrasound in this study as the amount of time the ventricular pressure was

/ greater than 30 mm Hg within a given beat, varied between 340
Transducer and 391 ms during the course of the experiment. The maximum
I . difference in systolic duration between beats acquired at the same
B Interrogation Area measurement location was 26 ms.

The acquired data were analyzed visually using another Lab-
View based program. If no velocity signal was present during a
cycle, or if the left ventricular pressure signal during this cycle
were markedly different from that of other cycles at the same

%, measurement location, data from this cycle were removed from
1 mm the analysis. Due to the differences in systolic duration within the
experiment, placement of the remaining data with respect to time
was normalized by systolic time duration. Mean and maximum

z velocity data in the remaining cycles were divided into discreet
I | phase windows for analysis. Two phase window sizes were used

L.

in these studies, a longer windawindow L) and a shorter win-
dow (window S. These windows were overlapped by 50% of
their time duration. The number of the windows composing the

Fig. 3 Interrogation area of study with respect to the valve and systolic period was held constant at 17 for window size L and 41
ultrasound transducer. The Cartesian axes used in this study for window size S. The time lengths of the windows were equiva-
are defined here. lent within a given beat, but varied between beats in window

length and number of measurements within each window. The
maximal window lengths were 49 and 20 ms, respectively, and the

mm increments over the interrogation area, which corresponded®imum number of measurements within each window were
depths between 15 and 26 mm. After each movement, a custfgp3 and 1705. o ,
program based on LabView softwafiational Instruments, Aus- Average velocities ,,) within each of the phase windows
tin, TX, USA, Version 6.0i was used to acquire velocity dataWere calculated by ensemble averaging of the maximum velocity
during the leakage phase of one cardiac cycle. Acquisition of ddfasurementsu;):
was triggered by the rise in left ventricular pressure during the

beginning of systole. A 10 Hz high pass filtdifth order Butter- za En
worth) was imposed on the collected data, and the filtered data = = (Uim)
were used to calculate a first order estimate of Reynolds normal (uoo)x=T (1)

stress from mean velocity measurements of the ultrasound trans-
ducer. This estimate was written down on a map of the interroq:él{- ts th b f lesth b f )
tion area. Large maxima within the interrogation area represent Herea represents the number of cyclgsihe number of mea

the locations of the leakage jets, and were used to define ggements associated with a particular phase yvmd_ow oiathe_
measurement area. cycle, andN the total numbgr of measurements in this phase win-
Each measurement area consisted of a square area dr&kﬁW‘ These average velocity values represent only the velocity

around one of the maxima. The square was parallel with the pla @mponent in the direction of the ultrasound beam. To estimate
of the valve housing, 1 mm proximal to the pivot guards of thBeak velocity magnitudes in the jets, these average velocities were

valve, and had sides of 6 mm. The measurement area was Prgr_rected for direction:
versed in 0.5 mm increments. The aforementioned turbulent stress

estimation program was run after each movement in this area. If :(UOO)X
the value of Reynolds normal stress returned by the estimation Peak™ cos,
program was greater than 2/3 the maximum, the measurement . . ) o
location was noted, and twenty cycles of velocity and pressu\‘@_ereex is the angle_between the x axis, defined in Fig. 3, and the
measurements were acquired by the data recorder. Both mean &¥i§ of the leakage jet. Values ¢ are documented in Table 1,
maximum velocity signals from the VingMed amplifier were mea@nd were estimated from previous studies of the leakage jet axis
sured. Mean velocity signals were determined by averaging tHéh respect to the valvgd, 11]. It should be noted that the axes of
range of Doppler shifts registered by the transducer after a sin§¢ 1€akage jets did not lie on the same axis as the forward flow
Doppler pulse. Maximum velocity signals were determined froRCcross the valve.

the maximum in Doppler shift registered by the transducer after aTurbulent normal stresses were calculated from both the mean
single Doppler pulse. Therefore, the mean velocity signal reprdld the maximum velocity measurements using three analysis
sents the mean velocity of all blood cells within the sample vofechniques. In the first of these techniques, ensemble averaging,
ume at a particular time, while the maximum velocity signal rEF;urbullent normal stresses were calculated using the variation in
resents the velocity of the single or small number of blood cellglocity measurements as follows:

moving at the highest velocity within the sample volume at a

@

particular time. Left ventricular pressure, left atrial pressure, mean i é )
velocity, and maximum velocity measurements were digitized and PP p((Uim)x— (Uoo)x)
acquired by the recorder at a sampling rate of 5 kHz. Oy POU= N (3)

Experiments were attempted at a proximal distance of 5 mm

from the valve as well, but could not be collected because th . .
atrial wall blocked flow at this location. w%erep is the density of the blood, taken as 1.06 glcifihe

ensemble averaging technique has been the most widely used
Data Analysis. The leakage portion of each cycle of data obanalysis technique in current literature.
tained by the recorder was transferred to a computer via theThe second analysis technique, cyclic averaging, recognizes
analog/digital converter mentioned previously. Acquisition of thithat cyclic variation can introduce error into the calculations
data by the computer was triggered by a rise in ventricular presfturbulent stresses from velocity measurements. This technique
sure above 30 mm Hg, and acquisition was stopped when tatistically decomposes the total velocity variation into two
pressure dropped below 30 mm Hg. The systolic duration, definedmponents:
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a

z 2 (U|m—Uoo)2=z nl(ulo_uoo)2+2 E (ulm_ulo)2
I=1 m=1 =1 I=1 m=1

4)
where:

n
z Uim
_m=1

U=

(®)

n

represents the mean velocity within a particular phase windc
during thelth cycle. The first term on the right hand side of Eq
(4) represents velocity variation caused by mean velocity diffe @ (b)

ences between cycles, while the second term is defined as the ) ] ) ]
turbulent fluctuations. This method thus removes a source of erfdg: 4 Velocity profiles obtained from  (a) mean velocity mea-
from calculation of the turbulent normal stres§@4]. Turbulent Surements and (b) maximum velocity measurements during the
normal stress in a particular combination of measurement locatigfisymmetric, laminar free jet experiment

and phase window was calculated by:

n n
> 2 (U= (Uig)o)? studies was used to quantify mean velocity and velocity variance
o rp _=im=t (6) within a laminar, axisymmetric free jet. This jet had an orifice
x,PDU N—a diameter similar to the width expected in a bileaflet valve leakage

The last analysis technique used, high pass filtering, has b&P (0.2 mm), and its flow was set in motion by a 120 mm Hg

used by researchers in this laboratory in the past to calculate fyater pressure head_._The jet had an orifice velocity .Of 2.6 m/s in
bulent normal stressd49]. In this method, a 10 Hz high passa'r’ resulting in an orifice Reynolds number of approximately 520.

filter (5th order Butterworthwas applied to the data. This fiIterThe jet was submersed in water and oriented at an angle of 60 deg

; . . Wwith respect to the ultrasound transducer used in these studies. To
removed low frequency velocity fluctuations from the data, whlcﬂgudy this jet, the transducer was placed 25 diametBrenm)

include the underlying mean velocity waveform and any larg the iet orifi c tarch. with ticl f
scale structures with a frequency lower than 10 Hz. Higher fr fom the jet onnce. Lommon cornstarch, with particles ot ap-

quency velocity fluctuations, such as those due to turbulen%%xgsteg %nz“r;c',ré-?'asmerfg{gﬁ%;”ﬁ,%d\ﬁpnsfﬂeg dtgf‘nﬂcl)'\flygr. M:fén
were present after the filtration. After application of the filte Ximum v Ity sSig Ing pimer w

remaining velocity data were divided into phase window%.bta”red over 72 Iolczguortls W'“:'n t?eslelfHAt;aiﬁ Iocatllon,/éhgtsel
squared, and averaged: ignals were sampled at a rate o z by the analog/digita

converter for 2 s. Ensemble averagifigg. (1)) of mean and

a n maximum velocity measurements at each measurement location
2 2 p(u,m,f)i was used to determine velocity profiles. Eg) was used to esti-
_mim=t ) mate the error introduced by transit time and velocity gradient
IxpDU N effects at each measurement location.

o ) ] Figure 4a) and 4b) show velocity profiles from mean and

Error Estimation and Correction.  Velocity measurements maximum velocity measurements in this experiment, respectively.
from Doppler ultrasound are contaminated with variance resulting, analytical estimate of the maximum jet velocity in the direc-
from phase differences in the returning sound signal and velociiyn of the transducef0.62 m/$ agreed very well with the peak
gradients across the sample volurf0]. This contamination yelocity determined from maximum velocity measurements0
should be removed after calculation of the turbulent stresses. Affs), and was similar in magnitude to the largest velocities mea-
biguity resulting from phase differences in the returning sounglired in the in vivo experiment. This result shows that the maxi-
signal can come from two independent sources. One of thaggm velocity of the ultrasound transducer is capable of reporting
sources is inversely proportional to the square of the average tra@ak velocity in these experiments. The peak velocity determined
sit time of blood cells through the Sample volume. The remainir‘%m mean Velocity measuremer(@_lg m/$ was Considerab|y
source is proportional to the Reynolds normal stress present at {885 than those determined from either analytical estimation or
measurement locatiof20]. The error in Reynolds normal stressmaximum velocity measurements.
measurements resulting from Doppler ambiguity has been previ+g|ocity variance resulted in apparent Reynolds normal stresses
ously quantified in measurements downstream of a stefb8]s of 2.0 N/n? using mean velocity measurements, and 1.9 N/m
These experiments showed that Reynolds normal stresses quafding maximum velocity measurements. Since the jet studied was
fied by the ultrasound equipment used in these studies was faginar, these apparent stresses account for errors due to spectral
times greater than those quantified by hot wire anemometry. Hopgise and transit time and velocity gradient effects. The following

ever, it was unknown whether average transit times of blood cefiguation was therefore used to correct for errors caused by these
through the sample volume of this experiment were comparabfghenomena:

In addition, the effects of velocity gradient across the sample vol-
ume on velocity variance were unknown. Oy poU— 2
Another possible problem with these experiments is the use of Ox=\T 13
the maximum velocity of the ultrasound transducer to quantify
peak velocities and turbulent stresses. The use of the maximungrrors in turbulent stress estimation can also be introduced by
velocity in this fashion is untested, and results from this methdte presence of coherent structuf2s]. Since such structures are
may depend heavily on the threshold used to distinguish sigreimewhat periodic in nature, their presence within a flow can be
from spectral noise. identified through examination of frequency spectra. The power
To quantify possible error in Reynolds stress measurements spectrum of the fluctuating velocity component was therefore ex-
sulting from transit time and velocity gradient effects and testmined at each measurement location. Since no peaks were appar-
whether the maximum velocity of the ultrasound transducer coudaht in these spectra, periodic flow structures did not contribute to
be used to measure peak velocities, the equipment used in theser in these measurements.

®
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Ninety-five percent confidence intervals for the turbulent noffable 1 Leakage jet correlation coefficients and angles with
mal stress calculations were created from an estimator varianceégsipect to coordinate system used
a second-order momefR2], assuming a normal distribution of

velocity measurements within each combination of phase window Jet 0 by 0. Gana
and measurement location. 1 69° 57° 41° 0.44
o _ _ 2 74° 90° 16° 0.46
Estimation of Maximum Turbulent Shear Stresses. Maxi- 3 69° 57° 41° 0.44

mum turbulent shear stresses were analytically estimated from the

calculated normal stresses. In deriving the analytical method, the

turbulent kinetic energy equation:

angles are documented in Table 1. If Etg) holds, the maximum

g (l—y\ d U,_p 1 —_— — turbulent shear stress can be calculated directly frogm as
Ujﬁ—xj U= 5 | T Y —2vuis; | UilS;  follows:
— 1
- 21/5”' Sij 9) QAgna= 1 1 (15)
was applied to the geometry of a leakage jet, assuming that the jet 4| cog 6,+ Ecos.2 Oy+ Ecos,2 0,

is axisymmetric, and that measurements were obtained near or

before the position where the jet becomes fully developed. Takimese correlation factors are also reported in Table 1. A flow chart
the direction of the jet to be travelling along the 1 direction of @xplaining the data analysis methods is shown in Fig. 5.
Cartesian coordinate system, these assumptions redult,it ;,

andd/ 9x, being very small and approximately equal to zero. It iResults

then useful to analyze what each of the terms in @fjrepresent. Three turbulent stress maxima were observed within the inter-

The first terms on the right and left side of E() represent ation area. Figure 6 shows the coordinates at which measure-
turbulent kinetic energy transport by the mean flow, turbulen?? - 19 L . .
ents were obtained within the interrogation area, and the as-

ressure fluctuations, turbulent velocity fluctuations, and ViSCOSH . . ;
ﬁy. These terms will be grouped toge)t/her and labeTeih the sumed placement of the jets with respect to the St. Jude Medical

remainder of the analysis. The third term in HE) represents valve. This figure also shows the spatial distribution of turbulent
turbulent kinetic energy diésipation, and will be labeketh the normal stress within each of the jets, determined by applying cy-

remainder. The second term, which is the term of interest, rep ic averaging in 20 ms time windows to maximum velocity data.
rom these plots, the location of the maxima and diameters of the

sents the rate of production of turbulent kinetic energy. Usi : . a -
Cartesian coordinates to rewrite E§) in its three components,l%pikgggljyets_l_v;’gen?g)t(?r:;g'ng?/ jetlés ;nn;r?(;‘d;/ hgg Thn(;, rsez;me

under the assumptions made: y-coordinate, while the maximum of jet 2 was located 2.0 mm
_ _ 1 Ju; 1 Uy from the others in the y-direction. The location of the maxima of
1 direction:0=T— s uUu,——— s Uus———¢  (10) jet 2 was approximately equidistant from the maxima of jets 1 and
2 Xy 2 X3 - - - .
3. Jets 1 and 3 appeared circular in shape, with diameters of ap-

1— 99U, proximately 3 mm. The shape of the jets was difficult to deter-
2 direction:0=T— Euluzwfe (11) mine, however, with the error associated with their diameter de-
2 termination. The shape of jet 2 appeared to be more elliptical than
1 U, circular in shape, with a small axis width of 2 mm and a large axis
3 direction:0=T— §u1u30_x3_8 (12) width of 2.5 mm.

Table 2 shows the peak velocity values obtained from each of
Thus, the rate of production of turbulence in the 1-direction iese jets, both in the direction of the transducer and in estimated
equal to the sum of the rates of production in the 2 and 3 direc-
tions. This rate of production governs the amount of energy within
the largest turbulent eddies in the jet. These eddies contain the data acquisition,

majority of the energy in a turbulent flow, and the turbulent stress :‘;aa"(:;“‘a"o‘f:“:“y) starts when LVP > 30 mn Fg i‘lrdl:f;s’?f'vszl’:;"t;

magnitudes are based on the energy contained within them. Sinc from DAT tape | -op* her mmhg data

these eddies are located randomly within the flow field of the jet,

and since the jet is axisymmetric, the spatial average of turbulent| divide each period into 41 divide each period info 17

normal stress in the 1 direction is twice that of the stresses in they equivalent time segements equivalent time segments

2 and 3 directions: data in phase data in phase
windows S windows L

01=20,=203 (13)

Tennekes and Lumle}23] report that in addition to the axisym- 25 A -0 Y 25 oo~ ¥ $Eebn)

metric jet geometry presented here, ELB) is a good assumption e N T TN e

in most pure two dimensional shear flows as well. The value,of - . . . - -

can then be calculated from, by rotating the coordinate system, | gp'ave || EnsAvg || CyeAve || Cye Ave || HPFil HP Fil

using a method proposed by Grigioni et {24]. Sinceo,, o5, Window S|| Window L|| Window S| | Window L || Window S|| Window L

and o can be taken as the principal stress axes, no shear compc )

nents of the turbulent stress tensor are needed to perform thi: 6(373—)

rotation. Becauser, is the largest of the principal normal stresses,

it is relabelledo pay: O Sy S O Oy O
Ens Avg Ens Avg Cyc Avg Cyc Avg HP Fil HP Fil

o Window S|| Window L|| Window S || Window L || Window S|| Window L
X
O max— 1 1 (14) Tmax==Clang O
cog 6,+ §C0§ O+ ECO§ 6,

Tmax
0y, 0y, andg, were defined as the angles between the x, y, and z
axes defined in Fig. 3 and the axis of the jet. Values of these Fig. 5 Flow chart demonstrating data analysis method
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Fig. 7 Power spectrum of the measurements obtained from a

s specific location in jet 1
Fig. 6 Leakage jet locations within interrogation area, and size resulted in an average increase of 4% in the peak velocity
with respect to the valve. Turbulent normal stresses during calculated from each of the jets. Based on these velocity measure-
leakage flow, calculated from maximum velocity measure- ments, the approximate width of the jé6s5 mm for jet 2, and a
ments, cyclic averaging, and 20 ms phase windows, are de- kinematic viscosity of 3.0 cSt, the Reynolds numbers of jets 1 and
fined for each jet found. Dots on the 2-D plot above the valve 3 were estimated at 2100, while the Reynolds number of jet 2 was
zggmrfgatlon within the interrogation area at which data were approximately 800.

Figure 7 shows the power spectrum of the fluctuating compo-
nent of the maximum velocity signal at the location where the
highest turbulent stress was observed in this experiment. There are
magnitude, using both phase windows. The uncorrected velociti@s notable peaks in the spectrum, and there appear to be two
of jets 1 and 3 were nearly the sarf®73 and 0.67 m/s, respec-sjopes. One of these has a value of approximately 1.2 and encom-
tively, using phase window)Swhile jet 2 had a notably smaller passes frequencies from 10 to 30 Hz. The other has a value of
velocity (0.39 m/$. Estimated peak velocity magnitudes werepproximately 4.2 encompasses frequencies from 30 to 200 Hz.
larger in jets 1 and 82.04 and 1.87 m/s, respectively, using phasghe power spectra of the fluctuating components of velocity at
window § than in jet 2(1.41 m/3. Decreasing the phase windowother measurement locations displayed similar behavior. No no-
table peaks were found in any of these spectra. In many, there was
no clear distinction between slopes, but in all the slope was in-

Table 2 95% confidence intervals of maximum velocities mea- creasing at 30 Hz, and in most the slope of the section between 10
sured within leakage jets, and predicted peak axial velocities of and 20 Hz was between 1.0 and 1.6 and the slope of the section
jets between 150 and 200 Hz was between 4 and 5.
(Uo). (M9 U9 The highest turbulent normal stress values calculated from each
007X peak of the jets, using mean velocity measurements and maximum ve-
Jet Window S Window L Window S Window L locity measurements, are shown in Tables 3 and 4, respectively.
1 0737003 0.72-0.01 204 > 0L The magnitude of turbulent normal stress estimates depended
2 0.39+0.01 0.36-0.01 1.41 1.31 heavily on the data and analysis technique used. The velocity data
3 0.67+0.01 0.65-0.01 1.87 1.81 used to calculate these estimat@sean or maximumhad the

Table 3 95% confidence intervals of highest turbulent normal stress magnitudes calculated from mean velocity measurements

oy (N/m?)
Ens Avg Ens Avg Cyc Avg Cyc Avg HP Fil HP Fil
Jet Window S Window L Window S Window L Window S Window L
1 8+1 9+1 2+0 5+0 7+1 8+1
2 8+1 6+0 2+0 3+0 5+1 4+0
3 14+1 12+1 3+0 4+0 8+1 6+0

Table 4 95% confidence intervals of highest turbulent normal stress magnitudes calculated from maximum velocity measure-
ments

oy (N/m?)
Ens Avg Ens Avg Cyc Avg Cyc Avg HP Fil HP Fil
Jet Window S Window L Window S Window L Window S Window L
1 294+ 26 268+ 15 46+ 4 112+6 69+6 55+3
2 132+12 108+6 15+1 48+3 40+4 28+2
3 168+ 15 151+8 25+2 53+3 47+4 35+2
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these experiments, it was seen that one jet emerges from each of
\k the four pivots, and two additional jets are formed at the locations

where the intersection of the two leaflets meets the valve housing.
From these experiments, it can be reasonably assumed that jets 1
and 3 originated from the pivots, while jet 2 originated from a
location where the intersection of the leaflets met the valve hous-
ing.

The estimated velocity magnitudes are somewhat higher than
velocity estimates observed in previous in vitro laser Doppler ve-
locimetry investigations of the St. Jude Medical va[@11,17.
These works reported maximum leakage velocities between 0.7
and 1.0 m/s. Steegers et #8] used the same valve and flow
conditions for a series of pulsed Doppler ultrasound and laser
Doppler velocimetry experiments. These researchers found a no-
tably higher maximum velocity1.25 m/$ with Doppler ultra-
sound than they saw in their laser Doppler velocimetry experi-
ments. The differences observed in leakage velocity could
originate from the tendency of angle corrected measurements to
overestimate the jet centreline velocity magnitude, as discussed by
- Yoganathan et al.26]. They could also originate from the analy-
sis technique used to make the measurements. Because the diam-
eter of leakage jets, reported as approximately 1.0 [@yhi], is
on the same order of magnitude as the sample volume diameter of
a laser Doppler velocimeter, there will be significant velocity gra-
dients across the sample volume when the sample volume is po-
sitioned at the jet centerline. Averaging of these measurements

#

§
z
@

Fig. 8 Phase delay introduced by high pass filtering. (a) and
(b) were created from data which were cyclic averaged, while

(c) and (d) were created from data which were high pass fil- will thus result in a velocity somewhat smaller than the centerline
tered. The phase windows over which analyses were com- velocity. Velocity determination by pulsed Doppler ultrasound, on
pleted are shown in the left ventricular pressure curves above the other hand, is not necessarily limited by the size of the sample
(a) and (b). volume interrogated by the transducer. In this study, the number of

reflecting particlegthe cells of the bloodwithin the sample vol-

ume at any given time was on the order of’ 1Because the
largest effect on their magnitudes. The highest estimates of ttencentration of blood cells within the sample volume was very
turbulent normal stress calculated from mean velocity measuiarge, the transducer received a spectrum of frequencies during its
ments obtained in jets 1, 2, and 3 were 9 R/i® N/n?, and 14 sampling time. The ultrasound transducer has the option of using
N/m?, respectively. The highest turbulent normal stress estimati® maximum(or minimum of this band of frequencies to com-
calculated from maximum velocity measurements obtained in jgiste velocity. These frequencies correspond to a small group of
1, 2, and 3 were 294 N/ 132 N/nf, and 168 N/ri. Analysis blood cells that are moving within the center of the leakage jet.
technique had a notable effect on estimates of turbulent norntdlus, pulsed Doppler ultrasound can perhaps give a higher and
stress as well. Estimates of peak turbulent normal stress magniere accurate measure of the maximum leakage jet velocity than
tude by ensemble averaging were an average of 406% higher theser Doppler velocimetry. Differences in velocity measured in
estimations made by cyclic averaging and 277% higher than estiese experiments and in vitro could also result from geometrical
mates made by high pass filtering. Estimates made by cyclic alifferences between in vitro heart simulators and the in vivo en-
eraging and high pass filtering were comparable, particularly vironment. The atrial chamber of the pig had a volume of approxi-
these estimates were made from mean velocity measurementsmitely 20 mL, considerably smaller than the atrial chamber used
a lesser extent, estimates dependent on the size of the phase wimmany in vitro simulators. Incoming atrial forward flow, which
dow used in the analysis. Estimates made by ensemble averagiogurs at the same time as mitral valve leakage, enters the atrium
and high pass filtering increased as phase window size decreaged, direction nearly parallel to the plane of the valve, and could
while estimations made by cyclic averaging decreased with phaseer both the velocity and direction of the leakage jets.
window size. The power spectra of the measurements had shapes character-

Figure 8 shows spatial plots of the turbulent normal stressesigtic of nondeterministic signals, with no notable peaks and a

jet 1 during the later part of systole. These stresses were calguadually increasing negative slope. Thus, contamination of the
lated from maximum velocity measurements using phase windaurbulent stress calculations from coherent structures was negli-
S. The spatial plots of Figs.(& b) were constructed from data gible, and a means of separating these components was deemed
analyzed by cyclic averaging, while the spatial plots in Figs, 8 unnecessary. The slopes of the spectra cannot be taken to repre-
d) were constructed from data analyzed by high pass filtering. Tkent the smaller scales of the turbulent flow, as the frequency
curves above the plots represent the systolic portion of the lefisponse of the Doppler instrument was not sufficient to allow the
ventricular pressure waveform, and the shaded portion of eagleasurement of these scales.
curve represents the cyclic timing of the phase window over ) . . .
which data in each plot were analyzed. As the left ventricular, COmparison of Data and Analysis Techniques. The choice
pressure began to decrease, turbulent normal stresses calcul%feb\ﬁeloc'ty data type had a large effect on the magnitudes of
by cyclic averaging decreased immediately. With the high pa ulent normal stresses. This .could be expected, as the W|qth of
fiitering technique, however, a time delay was present between th& ultrasound sample volume is of the same order of magnitude

decrease in left ventricular pressure and the decay in magnitud(-ﬁéfthe width of the leakage jets studied. Previous experini@hts
the turbulent normal stresses. ave estimated the widths of leakage jets of a St. Jude Medical

size 27 valve 1 mm proximal to the pivot guards at between 0.8
Discussion and 1.2 mm. The widths of the leakage jets in this study were
estimated between 0.5 and 3.0 mm. Thus, during at least some of
General. The leakage pattern observed in these experimeritee locations at which measurements were obtained, and quite
has been reported by a number of observers in yArd1,25. In  possibly all of them, the sample volume was not completely con-
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tained within the jet structure. The use of mean velocity over tii@ble 5 Maximum turbulent shear stress magnitudes esti-
sample volume to calculate turbulent stress therefore introdudgated from mean and maximum velocity measurements

error into the calculations. This error is associated with the fact (NI

that a considerable portion of the sample volume is located out- max
side the turbulent portion of the jet. Because of this, turbulent Jet Uij (mean) Uij (max
fluctuations measured by the transducer will be dampened by av-

1 1 20
eraging with the velocity measurements obtained within the por- 2 1 7
tion of the sample volume outside the jet, and the turbulent stress 3 1 12

calculated by mean velocity measurements will be lower than tRe
actual turbulent stress within the jet.

The use of maximum velocity within the sample volume to
calculate turbulent stress may be a better solution. Since largd’hase window width was found to have a significant effect on
scale fluctuations in maximum velocity within the sample volumgirbulent normal stresses calculated from maximum velocity mea-
are caused by large scale eddies, the maximum velocity can mearements, though the magnitude of this effect was less than either
sure the movement of the largest turbulent eddies within a flodata type or data analysis method. Itis well known that decreasing
Since all turbulent energy originates in these larger eddies, tABase window width increases temporal resolution of the turbu-
maximum velocity function can be used to measure turbulel@nce measurements, while decreasing the statistical accuracy of
stress. A potential problem with the use of this function is that tH8€ calculated turbulent stress. A previous steady flow study of
maximum velocity in these experiments was measured indepéf@kage jetd11] has shown that in phase windows of 20 ms,
dently of whether it was moving toward or away from the transs_ar_nple sizes of at least SOQ measurements are necessary for sta-
ducer. Because of this, abrupt changes in velocity measuremigiical accuracy in calculations of turbulent stress. Since both
could be caused by small changes in jet direction, which may rifi@se window sizes contained a minimum of 1700 measurements,
necessarily be due to turbulent eddies. Thus, the turbulent str statistical accuracy of the calculations in each phase window
calculated from maximum velocity measurements will be high@nould be sufficient. The 95% confidence intervals in Tables 4 and
than the actual turbulent stress within the jet. 5 support this assessment. The majority of the differences in the

A potential problem with the ultrasound technique in generéq]agnitudes of turbulent stress were therefore caused by changes

remains in determining exactly where the largest stress is locatiiiemporal resolution. If either the speed or the direction of the

Whether the location of this large magnitude stress lies in the's cha.nges over time, a large time window.can artificially inflate
; &ﬁ.jculatlons of turbulent stre$&8]. A change in the speed of the

output from the transducer will be nearly the same. If a spatilaﬂts could .be brought about by a change in the pressure d|ﬁer§nce

map of turbulent stress is made from these measurements, the[5fach side of the valve during the systolic phase. Left ventricu-

may appear to be twice the sample volume size wider than it trq pressure remained approxmately constant over sy_stole, .bUt the
ft atrial pressure rose approximately 20 mm Hg during this pe-

6. d. This rise corresponded temporally with a decrease in mean

pler velocimetry. If this is true, the Reynolds numbers calculate(f"loc'ty(':'g' 9. Because the smallest time windows studied were

in this analysis are up to a factor of three lower than reporte pproxmately 20 ms, they were thought to be most appropriate

or reporting turbulent stresses.

Flow begins to transition to turbulence at orifice Reynolds num: The use of the analytical correlation coefficients to report maxi-
bers of approximately 30 for 2-D, planar jets and Reynolds num- P

bers of 1000 for circular jetE27]. Reynolds numbers of approxi- mum turbulent shear stresses affects the magnitudes of the calcu-

mately 3000 are required for fully developed turbulent fi&¥]. lated stresses, and there are possible problems with the use of

Thus, jets 1 and 3 were likely in the middle of the transitionai]ese coefficients. Calculations using the analytical coefficients

regime. Jet 2 was near the beginning of the transitional regirnsqssume an axisymmetric jet. Jets emitted from asymmetric and

and more stable in nature than jets 1 and 3. This analysis is Sy
ported by the magmtudes_ of the ‘”rb!“e“t normal stresses cal etry affects the turbulence characteristics of the jets is unknown.
lated from mean and maximum velocity measurements. In nea|

. : wever, since Tennekes and LumlIg33] report that Eq.(13)
all of t_he_ analysis techniques used, th? tL_eruIent normal SUeSHGids for most pure two-dimensional shear flows, turbulent stress
found in jet 2 were smaller than those in jets 1 and 3.

The choice of analysis technique also had a large effect on t eagnltudes may not depend heavily on jet shape.

calculated turbulent stresses. Cyclic variation was observed tocomparison of TSS Magnitudes with Laser Doppler Veloci-
have much more of an effect on turbulence calculations in viv@etry Studies. Ellis et al. performed the first comprehensive
than in previous in vitro experimenfd1]. This may be because experimental quantification of leakage emitted from the pivots of
the atrial wall was located very close to the valve in this experihe SIM desigii7]. They studied the leakage flow 1 mm proximal
ment, and its position may change from cycle to cycle. It may alsg one pivot guard of a SIJM Standard size 27 aortic valve using
be caused by cyclic changes in incoming atrial flow. Some meaghgee component laser Doppler velocimetry. Turbulent shear
of removal of cyclic variation is necessary in these in vivo experstresses in the experiments of Elles et al. were determined by
ments. This can be accomplished either by cyclic averaging éfisemble averaging over 20 ms time windows. The mean aortic
high pass filtering. The use of the high pass filtering techniqugressure during diastole in these experiments was 120 mm Hg,
however, creates a phase delay in the velocity measurements wiitll the largest turbulent shear stress reported during the middle of
respect to cycle time. This was observed in the form of a delay ifastole was 80 N/f Steegers et al. performed a similar study on
the fall of turbulent stress with left ventricular pressure in thell four pivots of a SIM mitral valve, at a number of axial dis-
spatial maps of Fig. 8. The phase delay imposed by the Butteinces from the valvg9]. Claiming that laser Doppler velocimetry
worth filter used in these studies is nonuniform, and could becauld not adequately resolve the small scales of turbulent flow,
reason why magnitudes of turbulent stress rose with decreasihgse researchers used an empirical method to calculate turbulent
phase window size. The high pass filter could be optimized &hear stresses from the velocity gradient of the jet. The peak ven-
minimize or completely eliminate phase shift. It should be notedricular pressure measured in these experiments was 130 mm Hg,
however, that any high pass filter introduces either slight phaaad the largest turbulent shear stress reported in the leakage flow
shift or alters the amplitude of the velocity signal. Thus, of thevas 50 N/m. Travis et al. studied leakage from a SIM Regent
three techniques investigated, cyclic averaging was thought to §iee 17 valve 1 mm proximal to the pivot guards under aortic
the most effective for these studies. conditions[11]. These researchers used ensemble and cyclic av-

is. This may explain why the diameters of jets 1 an(B® mm
were so large compared to the jet widths observed by laser D

it-like orifices become more axisymmetric in their velocity pro-
13 during their downstream developmd@9], but how assym-
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maximum turbulent shear stresses estimated from mean velocity
measurements in this study are over an order of magnitude less
than those measured in previous studies, and maximum turbulent
shear stresses estimated from maximum velocity measurements
are slightly lower than the range reported in previous studies.

This study introduced an in vivo method of measuring turbu-
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lence in the leakage jets of a prosthetic heart valve, using pulsed
Doppler ultrasound. The study focused on the development of
appropriate data analysis techniques for this method. The tech-
nique chosen applies cyclic averaging to mean and maximum ve-
locity measurements within small, normalized phase windows to
calculate Reynolds normal stresses in the direction of the ultra-
sound beam. The importance of the removal of cyclic variation in
velocity measurements and the use of small phase windows in the
analysis of velocity data from leakage jets was shown. An analyti-
cal technique relating one dimensional velocity measurements
to maximum turbulent shear stress for shear flow was introduced
and applied to the data from these experiments. The stresses ob-
served were smaller than those reported from previous in vitro
simulations.
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Fig. 9 Left atrial pressure, left ventricular pressure, and veloc-
ity over systole. The rise in left atrial pressure corresponds
with a decrease in velocity.
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N
eraging to calculate turbulent shear stresses obtained under an n
aortic pressure head of 120 mm Hg. They reported a maximum
turbulent shear stresses of 29 M/musing ensemble averaging, p
and 27 N/m, using cyclic averaging over 20 ms phase windows. Sij
Most recently, Meyer et al. studied the turbulent shear stresses
resulting from leakage of a SIM mitral valve driven by a ventricu-  s;;
lar pressure of 120 mm Hgd 6]. After ensemble averaging in 1 ms
phase windows, these researchers reported a maximum turbulent T
shear stress of 45 NfmMaxima in turbulent shear stress within
the leakage 1 mm upstream of the SIM pivot guards have thus U;
been reported between 27 and 80 R/m Ui, U

To accurately compare the results in this work with previous u;,

studies, appropriate analysis techniques must be identified and¢
implemented on the data in this study. Most previous laser Dop-
pler velocimetry studies of leakage jdf8,11,164 have used en- Uo
semble averaging in the analysis. One of these has shown that,e,
cyclic variations have little effect on turbulent stresses calculated ug,
in vitro [11]. Cyclic variations contaminated calculations of thei;,u,,us;
turbulent stresses to a large extent in this study. Together, these
observations suggest that results obtained from ensemble averags,
ing in previous in vitro studies should be more similar to those
obtained from cyclic averaging than those obtained from en- &
semble averaging in this study. Cyclic averaging was therefore
chosen as the analysis technique for comparison between this and »
previous studies. The studies that reported the two extremes in thed, , 6,,
reported range of turbulent shear stress magnitfidéq] used 20
ms phase windows in their analysis. This approximate size of time p
window was therefore applied to the data of this study for coner, ppy
parison. The resulting turbulent normal stresses were multiplied
by the analytical correlation coefficient to determine maximum o,
turbulent shear stress magnitudes. The largest shear magnitudes
calculated using these analysis techniques were 1 and 20fWm o;,05,05
mean and maximum velocity measurements, respectively. Thus,
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List of Symbols

number of cyclegdimensionless

number of measurementdimensionless

number of measurements in cydie(dimension-
less

fluctuating pressuréN/m?)

time-averaged strain rate acting in thelirection

on a plane normal to directign(1/s)

fluctuating strain rate acting in thedirection on a
plane normal to direction (1/9)

turbulent energy transport rate per unit mass
(m?Isd)

time-averaged velocity in directign(m/s)

fluctuating velocity in directions andj (m/9)

single velocity measurement from cydlém/s)

high pass filtered velocity measurement from cycle
I (m/s)

average velocity of measurements in cykclen/s)

jet centerline velocitfm/s)

average velocity of all measuremerfis/s)
fluctuating velocity along principal stress axes 1,
2, and 3(m/9

analytical correlation coefficient between, and
Tmax (dimensionless

turbulent energy dissipation rate per unit mass
(m?Isd)

kinematic viscosity(m?/s)

angle between Cartesian coordinate afdefined

in Fig. 3) and jet axis(radian$

density (kg/nT)

turbulent normal stress measured by ultrasound
(N/m?)

turbulent normal stress along direction of measure-
ment (N/m?)

turbulent normal stress along principal stress axes
(N/m?)
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