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Background and aim of the study: Previous studies of
leakage jet turbulence have been carried out in vitro,
using a Newtonian fluid to simulate blood and large,
rigid approximations to the chambers of the heart.
The study aim was to apply an in-vivo method of
quantifying leakage jet turbulence to a variety of
bileaflet mechanical heart valves, and thereafter to
determine the effects of exercise and valve design on
turbulent shear stresses within leakage flow.
Methods: Bileaflet prostheses sewn to a manual tra-
versing device were implanted in the mitral position
of 29 pigs of body weight ca. 90 kg. Pulsed Doppler
ultrasound was used to acquire velocity measure-
ments within the leakage jets detected 1 mm
upstream of the housing. Analytical techniques were
used to estimate peak velocities and maximum tur-
bulent shear stresses from these velocity measure-
ments.

Results: Maximum turbulent shear stress was found
to rise with increasing ventricular pressure. No leak-

Patients with mechanical heart valves have an
increased risk of thromboembolic complications, and
must undergo lifelong oral anticoagulation therapy.
Although the specific characteristics of prostheses that
promote such complications are currently unknown,
theory, experimental evidence and clinical experience
suggest that leakage flow is a potential culprit.
Leakage flow is a distinct feature of mechanical pros-
theses; healthy natural valves and bioprostheses do
not have gaps available for flow after closure, and con-
sequently do not leak.

While forward-flow conditions are harshest across
aortic valves, the harshest closure and leakage flow
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age turbulence was found from a valve with relative-
ly small leakage gap widths. The Medtronic
Parallel® valve was found to have considerable sig-
nificant leakage flow disturbance, even under low
ventricular pressure conditions. Similar maximum
turbulent shear stress magnitudes were estimated in
the leakage jets of the St. Jude Medical®,
CarboMedics® and Sorin Bicarbon® valves at medi-
um ventricular pressure conditions. The maximum
turbulent shear stresses estimated in these experi-
ments were lower than those found in previous in-
vitro measurements.

Conclusion: Exercise raises the turbulent shear stress-
es of leakage flow substantially. Hinge design and
leakage gap width also affect the magnitudes of
these stresses. Leakage flow turbulence may be less
damaging to the blood than was previously thought,
and is considerably less damaging than forward-
flow turbulence.
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conditions are found across mitral valves. Rates of
thromboembolic complications are consistently higher
for patients with mitral mechanical valve implants
than those for patients with implants in any other posi-
tion (1). During the period of the cardiac cycle when a
mechanical valve is closed, transvalvular pressure gra-
dients on the order of 100 mmHg drive blood through
gaps only a few hundred microns in width. These con-
ditions may create viscous stresses as high as 950
N/m? within the gaps (2). Perhaps more importantly,
turbulent shear stresses within the leakage jets just
beyond the gaps have been measured as high as 1,000
N/m* upstream of a tilting disc prosthesis (3).
Erythrocytes are likely to rupture if exposed for a few
milliseconds to turbulent shear stresses above 800
N/ m2 (4). As thrombocytes are more sensitive than
erythrocytes to these mechanical stimuli (5), leakage
flow through mechanical prostheses could be expected
to rupture thrombocytes, releasing procoagulant pro-
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teins that initiate the coagulation cascade. Evidence of
such stimulation has been observed in vitro (2,5). This
theoretical and in-vitro experimental evidence is sup-
ported by clinical experience with the Medtronic
Parallel® (MP) prosthesis. The MP design was with-
drawn from the market in 1995 after poor performance
in clinical trials; approximately 20% of patients in these
trials developed thromboembolic complications (6).
Explants from these patients showed that thrombus
formation was localized to the pivot areas (7), the por-
tion of the valve through which the vast majority of its
leakage traverses.

Turbulent shear stresses due to the leakage flow of
many prosthetic valve designs have been investigated
in vitro (8-17). While impressive in what they have
shown thus far, these simulations may not closely
approximate the flow patterns and turbulence of
mechanical prosthesis leakage flow. All of these stud-
ies have been performed in rigid simulators, using flu-
ids that mimic the viscosity of blood at high shear
rates. These simulators do not replicate the natural
geometry of the circulation. In addition, the length
scales of the leakage gaps are only one order of magni-
tude larger than the length scales of the blood cells
themselves, which has been shown to cause blood to
behave in a non-Newtonian fashion (18). As these pos-
sible shortcomings could have a large effect on the
magnitudes of leakage jet turbulence, it may be neces-
sary to study this turbulence in vivo, using whole
blood and a physiologic cardiac geometry. In a previ-
ous technical report, a method was established for
such a study (19). The aim of the present study was to
apply this method to a variety of prosthetic valves, and
thereafter to determine the effects of exercise and valve
design on turbulent shear stresses measured in vivo in
mechanical prosthesis leakage flow. The hypothesis
was that turbulent shear stresses measured in vivo are
less than those previously measured in vitro.

Materials and methods

Bileaflet valves were chosen for these studies
because these valves are the most commonly used
design. Bileaflet valves have a greater leakage volume
than other mechanical valve designs, and have been
shown to cause more hemolysis in patients than tilt-
ing-disc designs (20,21). The leakage flows of the MP,
CarboMedics® Model 700 (CM), Sorin Bicarbon® (SB)
and St. Jude Medical® Standard valve designs were
investigated. Three St. Jude Medical Standard valves
were studied. One of these was a clinical quality pros-
thesis (5]), and the other two were provided by St. Jude
Medical as being above and below their leakage toler-
ances; these are designated ‘High Leaker’ (HL) and
‘Low Leaker” (LL) valves. Turbulent jets could not be
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Figure 1: Traverse apparatus used to move ultrasound
transducer. The mounting portion of the apparatus is sewn
to the valve, allowing the precise positioning of an
ultrasound transducer with respect to the valve.
(Reproduced from Ref. (19), with permission from ASME
publications.)

located in the LL valve, and therefore data from these
experiments were not reported.

The methods used for these experiments are
described in detailed fashion in a previous technical
report (19). An abridged description of these methods
is provided below.

Experimental set-up

Female pigs of body weight 90 kg were used as the
experimental model. Twenty-nine pigs were used for
these experiments, of which 12 were successful (two
for each valve type). Unsuccessful experiments result-
ed either from refinement of the data collection tech-
nique (n = 3) or from death of the animal before the
completion of data collection (n = 14).

On arrival at the laboratory, each pig was anes-
thetized, first intramuscularly and subsequently by
access via an ear vein. Endotracheal intubation was
carried out, and the pig was coupled to a ventilator.
Anesthesia was maintained with midazolam (25
mg/kg/h), ketamine (1,250 mg/kg/h), and fentanyl
(Haldid®; 1 mg/kg/h) throughout the experiment. An
electrocardiogram and venous and arterial blood pres-
sures were monitored continuously during the surgical
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Ultrasound
Transducer

Interrogation Area

Figure 2: Interrogation area of study with respect to the
valve and ultrasound transducer. The Cartesian axes used
in this study are defined here. (Reproduced from Ref. (19),

with permission from ASME publications.)

phase of the experiment.

A mid-line sternotomy was performed to expose the
heart. After full heparinization, venous and aortic can-
nulae were introduced. Cardiopulmonary bypass
(CPB) was then started to allow aortic cross-clamping
and cold cardioplegic arrest. The mitral annulus was
exposed using a left atrial incision. A size 29 mitral
prosthesis was mounted and sewn tightly to a traverse
apparatus (Fig. 1); this enabled an ultrasound trans-
ducer to be moved precisely in three dimensions with
respect to the valve. The valve and mounting portion
of the apparatus were implanted in the anti-anatomic
position of the mitral annulus. The atrium was sutured
around the traversing device in a way that allowed
manual adjustment of transducer position during the
experiment. The surgery simulated normal valve
replacement, with the exception that the atrium was
sewn around a small metal rod.

Pressure transducers (Model SPC-350; Millar
Instruments, Inc., Houston, TX, USA) were inserted
into both the left atrium and left ventricle. CPB was
then terminated, and the heart was allowed to resume
sinus rhythm. A custom-made 10-MHz ultrasound
transducer was mounted on the traversing portion of
the apparatus. This transducer was connected to a
VingMed amplifier (Model ALFRED; VingMed,
Horten, Norway), which was operated in the pulsed
mode and modified to allow the measurement of tur-
bulent velocity fluctuations. Previous tests on the
pulsed Doppler ultrasound (PDU) system have quan-
tified the -3 dB cut-off frequency of the ultrasound sys-
tem at 200 Hz (22). The sample volume for this
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apparatus was 1.5 mm in diameter and 1.0 mm in
length. Amplifiers for the pressure and ultrasound
transducers were interfaced with a computer.

Exercise conditions were simulated in half of the
experiments by clamping the aorta until the peak left
ventricular pressure rose to approximately 1.5-fold its
resting value. Different pigs were used for the exercise
and resting experiments, because the time needed to
obtain measurements for both exercise and resting
conditions was longer than most pigs could maintain a
stable cardiac state. After the necessary measurements
had been acquired, the pigs were euthanized by direct
injection of a saturated potassium chloride solution
into the left ventricle.

All procedures were conducted according to
approval from the Danish Inspectorate of Animal
Experimentation.

Data acquisition

An interrogation area 1 mm upstream of the valve
housing (approximately 5 mm upstream of the pivots;
Fig. 2) was defined using leakage jet angles deter-
mined from previous investigations (11). The travers-
ing apparatus was adjusted until the ultrasound
transducer contacted the atrial wall, and was moved
through the interrogation area. Leakage jets were
located by first listening to the Doppler sound. High
frequencies were indicative of flow away from the
transducer, and a sound with a broad range of fre-
quencies was indicative of turbulence. Once a jet was
located, a computer program that estimated turbulent
stress magnitudes from mean velocity measurements
of the ultrasound transducer was used to define a
measurement area around the jet. These measurement
areas were traversed in 0.5 mm spatial increments.
When the ultrasound transducer was observed to be
close to or within a jet, left atrial pressure, left ventric-
ular pressure, and mean and maximum velocity sig-
nals from the VingMed amplifier were recorded at a
rate of 5 kHz. Mean velocity signals were determined
by averaging the range of Doppler shifts registered by
the transducer after a single Doppler pulse. Maximum
velocity signals were determined from the maximum
in Doppler shift registered by the transducer after a
single Doppler pulse. Therefore, the mean velocity sig-
nal represented the mean velocity of all blood cells
within the sample volume at a particular time, while
the maximum velocity signal represented the velocity
of the single or small number of blood cells moving at
the highest velocity within the sample volume at a par-
ticular time.

Data analysis
Data acquisition by the computer was triggered by a
rise in ventricular pressure above 30 mmHg, and
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Table I: Pig hemodynamic conditions during the study of the jets emitted from the pivots of each valve within the
interrogation areq.

Jet Peak LVP (mmHg)" Systolic duration (ms)*
Maximum Minimum Maximum Minimum Range

SJ R1 107 57 288 242 45
SJ R2 86 73 286 248 37
SJ E1 132 98 391 348 26
SJ E2 125 82 386 340 24
CMRI1 121 91 398 304 54
CMR2 154 72 324 235 28
CME1 198 161 378 272 42
CM E2 258 101 325 230 36
SB R1 115 56 249 149 26
SB R2 122 102 159 119 26
SB E1 124 109 362 315 26
SB E2 108 80 332 303 22
MP R1 96 79 350 252 59
MP R2 90 64 327 251 49
MP E1 247 184 309 203 84
MP E2 253 194 300 205 73
HL R1 98 64 297 198 73
HL R2 88 65 265 189 60
HL E1 130 114 445 352 69
HL E2 173 60 434 235 80

"Peak left ventricular pressure (LVP) represents the cyclic maximum in LVP.
*Systolic duration represents the period of the cardiac cycle during which the LVP was >30 mmHg.
Systolic duration range is the maximum range in systolic duration for cycles used in the analysis of a single measurement

location.

Jets are designated first by valve design (S], CM, SB, MP, or HL). If an aortic clamp was used during the experiment, the jet was
designated as being in an exercise (E) state. All remaining experiments were conducted in the resting (R) state. One pig study
allowed the investigation of two jets (1, 2), one jet being emitted from each pivot immediately upstream of the interrogation

area.

stopped when the pressure fell below 30 mmHg. The
systolic duration was defined as the amount of time
the ventricular pressure was greater than 30 mmHg
within a given beat. Both systolic duration and peak
left ventricular pressure varied within and between
experiments. The minimum and maximum systolic
duration and left ventricular pressure for each experi-
ment are listed in Table 1.

Acquired data were analyzed visually. If no velocity
signal was present during a cycle, or if the left ventric-
ular pressure signal during this cycle was markedly
different from that of other cycles at the same meas-
urement location, data from this cycle were removed
from the analysis. Variation was inherent in the in-vivo
models used, and when a cycle was markedly different
from that of other cycles, usually larger differences
could be seen in the left ventricular and atrial pressure
curves than in the velocity traces for the same cycle.
The exception to this was when the ultrasound trans-
ducer either did not have a solid contact with the tis-
sue surface, or the sample volume contained the tissue

surface during portions of some of the cycles. Both
velocity and pressure traces were examined for all
cycles in order to remove errant cycles.

Due to differences in systolic duration within each
experiment, placement of the remaining data with
respect to time was normalized by systolic time dura-
tion. Mean and maximum velocity data in the remain-
ing cycles were divided into 39 discrete phase
windows for analysis. The time length of these win-
dows depended on the systolic duration of a given
beat, but the maximal length was 25 ms. This resulted
in a minimum total of 1,175 measurements used to cal-
culate mean velocity and turbulent normal stresses in
each combination of measurement location and phase
window.

Average velocities (u00) within each of the phase win-
dows were calculated by simple ensemble averaging
of the maximum velocity measurements (ui):

AN
o), = =5 (1)
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where a represents the number of cycles, n the number
of measurements in the a™ cycle, and N the total num-
ber of measurements. These average velocity values
represent only the velocity component in the direction
of the ultrasound beam. To estimate peak velocity
magnitudes in the jets (upeak), these average velocities
were corrected for direction:

. ("9 }L

coshl

il )
where 0« is the angle between the x axis (defined in Fig.
2) and the axis of the leakage jet. Values of 6« were esti-
mated from previous studies (11,14), and are reported
for each valve studied in Figure 3. It should be noted
that the axes of the leakage jets did not lie on the same
axis as the forward flow across the valve.

Turbulent normal stresses were calculated from both
the mean and the maximum velocity measurements
using a cyclic averaging technique (14):

¥ 5ol ) -.),)
- N-a
where uio is the average velocity of the particular phase
window in cycle i, uj  is the single velocity measure-
ment from cycle i (m/s), p is density (kg/m”), and oxis
the turbulent normal stress along direction of meas-
urement (N/m?).

These cyclic averaging calculations were corrected
for errors resulting from Doppler ambiguity and veloc-
ity gradients across the sample volume. The calculated
turbulent normal stresses were plotted in a temporal
series of three-dimensional surface plots (an example
of which is shown in Fig. 4) to ensure that the majority
of the turbulent portion of the jet was captured by the
acquisition process.

3)

Figure 3: Jet angle relative to the ultrasound transducer
measurement axis for experiments involving: a) the St.
Jude Medical valve; b) the CarboMedics Model 700 valve;
and c) the Sorin Bicarbon valve.
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The power spectrum of the fluctuating velocity com-
ponent was examined at each measurement location to
check for the presence of periodic flow structures. As
no peaks were apparent in these spectra, periodic flow
structures did not contribute to error in these measure-
ments. Subsequently, 95% confidence intervals for the
turbulent normal stress calculations were created from
an estimator variance of a second-order moment,
assuming a normal distribution of velocity measure-
ments within each combination of phase window and
measurement location (23).

After correction for Doppler ambiguity and velocity
gradient effects (19), maximum turbulent shear stress-
es were estimated from the measured turbulent nor-
mal stresses. The estimation technique was analytical,
and applied the turbulent kinetic energy equation and
a principal stress analysis to the flow geometry of an
axisymmetric free jet. Details of the justification for this
assumption, and the errors it can introduce into the
calculation of turbulent shear stress (1), have been
described previously (19):
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Results

Effects of driving pressure

Leakage flow across a mechanical prosthesis is par-
tially governed by the pressure difference across the
valve. The pressure difference across a mitral valve
during the leakage phase is roughly equivalent to the
left ventricular pressure. As the atrial pressure data of
several experiments were deemed inaccurate due to a
faulty pressure transducer, the left ventricular pressure
alone was used to demonstrate the effects of pressure
difference on leakage flow variables.

Figure 5(a) and (b) shows plots of the largest magni-
tudes of peak velocity and maximum turbulent shear
stress from maximum velocity measurements for each
jet studied as a function of the peak left ventricular
pressure during the time that these particular meas-
urements were acquired. The largest magnitudes of
peak velocity and turbulent shear stress estimated
from these experiments were 5.45 m/s and 92 N/ m?,
respectively. Though the data had considerable spread,
there was a trend towards an increased turbulent shear
stress with increased left ventricular pressure.

For this reason - and because there was a large vari-
ation in left ventricular pressure conditions between
experiments - each experiment was placed into one of
three discrete groups for analysis, based on the ranges
of magnitude in left ventricular pressure observed
during the experiments. An average of peak left ven-
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Figure 4: Example of temporal series of three-dimensional surface plots used to analyze data. In this figure, data from an MP
valve was analyzed over a longer phase window than reported in the study in order to show the development of turbulence
within the leakage over time in a small area. The three-dimensional plots in this figure show Reynolds normal stress (z-axis)
as a function of position within the measurement area (x, y axes). The number above these plots represents the time after the
start of systole during which the phase window begins. The curve above the three-dimensional plots represents the left
ventricular pressure, and the darkened portion represents the temporal position of the phase window.

tricular pressure magnitudes was used to define these
groups, where this average was equal to the sum of the
minimum and maximum peak left ventricular pres-
sure magnitudes (listed in Table I) divided by two.
Experiments with an average peak left ventricular
pressure magnitude <85 mmHg were considered in
the low driving pressure group. The group of medium
driving pressure consisted of experiments with aver-
age peak left ventricular pressure magnitudes between
85 and 130 mmHg, while the group of high driving
pressure conditions experiments had average peak left
ventricular pressure magnitudes >130 mmHg (Tables
II-IV). Some results are not presented for the MP valve
because the lack of knowledge of the MP jet angles rel-
ative to the housing prevented estimation of peak
velocities and turbulent shear stresses. The average of
the estimated peak velocities within the jets studied
were 1.62, 2.58, and 4.51 m/s under low, medium, and
high driving pressure conditions, respectively. The
average of the estimated maximum turbulent shear
stresses calculated from maximum velocity measure-

ments within the jets were 5, 14, and 58 N/ m? under
low, medium, and high driving pressure conditions,
respectively.

Comparison of valve designs

At low driving pressure conditions, the maximum
velocity measured within the leakage jets of the HL
valve (0.67 m/s) was only slightly higher than that
measured within the leakage of the S] valve (0.62 m/s).
Turbulent normal stresses calculated from mean veloc-
ity measurements within the HL jets were over double
those of the SJ valve, but the largest turbulent normal
stresses calculated from maximum velocity measure-
ments were very similar between the two valves (12
and 11 N/m?, respectively). Velocity and turbulent
normal stress measurements calculated from maxi-
mum velocity measurements were considerably larger
in the leakage of the MP valve than either the SJ or the
HL valves at low driving pressure conditions. The
largest turbulent normal stresses calculated from max-
imum velocity measurements within the leakage of the
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Figure 5: Peak left ventricular pressure versus estimations
of (a) peak jet velocity and (b) maximum jet turbulent
shear stress calculated from uijmav. No data were available
for the MP valve. Open symbols signify experiments
performed in a resting state; filled symbols represent
experiments performed in an exercise state.
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MP valve (57 N/m?) were over five-fold greater than
those observed in the leakage jets of either the S] or HL
valves.

At medium driving pressure conditions, the largest
leakage velocities in the direction of the transducer
were measured in the jets of the HL valve (0.77 m/s),
while the lowest velocities were in general measured
in the jets of the SB valve. When these measurements
were corrected by the predicted jet angle relative to the
transducer direction, however, an unexpectedly high
velocity was calculated for one of the jets of the SB
valve (5.45 m/s). The S] and HL valves had relatively
small estimated peak velocities (2.04 and 2.12 m/s,
respectively) in comparison to the CM and SB valves
(3.15 and 5.45 m /s, respectively). The largest turbulent
normal stresses calculated from maximum velocity
measurements of the SJ, CM, SB, and HL valves were
47,47, 38 and 38 N/m", respectively. Estimated values
of maximum turbulent shear stress from maximum
velocity measurements were similar for all valves
studied under these driving pressure conditions,
falling within a range between 17 and 22 N/ m?. The
largest turbulent normal stresses calculated from mean
velocity measurements were comparable for all valves
except for the SJ valve, the leakage of which created
stress magnitudes only up to 3 N/ m?.

Leakage jet velocities measured along the transducer
axis were similar (1.33 and 1.46 m/s) for the MP and
CM valves under high driving pressure conditions.
One of the pivots of the CM valve created turbulent
normal stresses that were exceptionally high (36 and
199 N/m?, respectively, when calculated from mean
and maximum velocity measurements) in comparison
with others found in this series of experiments. The
incoming forward flow surrounding this jet had a flow
opposing the jet in the transducer direction with a
maximum velocity of around 1 m/s. Such high incom-
ing forward-flow velocities were not observed in any
other experiments, and were observed on only one
pivot of this valve. Leakage across the remaining pivot
created turbulent stresses comparable to those
observed in the MP valve leakage.

Discussion

Technique comparison with laser Doppler velocime-
try

Before initiating a thorough analysis of the results of
this investigation, it was important to realize some of
its advantages, limitations, and differences from previ-
ous studies. Most previous studies of turbulence in the
leakage jets of mechanical prostheses have been per-
formed using laser Doppler velocimetry. A laser
Doppler velocimeter records the velocity of each of a
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Table II: 95% confidence intervals of the largest velocities
and turbulent normal stresses measured within leakage jets
of the low driving pressure group.
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Table II1: 95% confidence intervals of the largest velocities
and turbulent normal stresses measured within leakage jets
of the medium driving pressure group.

]et (uoo),x Upeak Ox (N/mz) Tmax (N/mz)

(m/s)  (m/s)

Uij(mean)  Uijmax)  Uij(mean) Uij(max)

]et (uoo),x Upeak Ox (N/mz) Tmax (N/mz)

(m/s)  (m/s)

Uij(mean) ~ Uijmax)  Uij(mean) Uij(max)

SJ R1 0.62+0.01 173 2+0 11+1 1 5
SJ R2 038 +0.02 1.06 2+x0 7=x1 1 3
HLR1 0.65+0.01 1.81 5+0 101 2 4
HLR2 0.67+0.02 1.87 6+0 12+1 3 5
MPR1 1.01 £0.03 5+0 57+5
MPR2 0.98 +0.04 5+0 47+4

Peak axial velocities and maximum turbulent shear stresses
of the jets are also estimated within this table.

Turbulent normal and shear stresses are reported both from
mean and maximum velocity measurements.

For details of jets, see Table I (footnote).

number of individual particles crossing its sample vol-
ume. After these velocities are recorded, they are aver-
aged, and turbulent stresses are usually calculated
from some form of the variation in velocity measure-
ments. The technique in the present study - PDU - uses
two different approaches. The ultrasound transducer
transmits a burst of sound that is reflected from a large
number of blood cells crossing its sample volume.
Either the average or the maximal velocities of these
blood cells are recorded from the reflected sound.
Turbulent stresses are calculated from the variation of
several of these averages or maxima.

The laser Doppler velocimeter measures the velocity
of particles crossing a sample volume with dimensions
on the order of 0.1 mm. Although this volume is small,
it is finite in comparison with the diameter of a leakage
jet created by a mechanical prosthesis, estimated by
several studies to be on the order of 0.5 mm. Because
of this, there is expected to be a considerable velocity
gradient across the sample volume. This means that
particles entering one side of a sample volume may be
moving faster than particles entering the other. If each
individual velocity measurement is averaged, this will
result in a variation in velocity, even though there may
be no turbulence. Most previous laser Doppler
velocimetry studies are expected to overestimate cal-
culations of turbulent shear stress and underestimate
peak jet velocity as a result of the velocity gradient
across the sample volume (24). Although the sample
volume of the PDU is considerably larger than that of
the laser Doppler velocimeter, velocity gradient con-
tamination of the calculations of turbulent stresses in
PDU are considerably reduced by using the average or
maximum velocities of a large number of particles
within the sample volume rather than individual

SJ E1 0.73+£0.03 2.04 2+0 47 +4 1 21
SJ E2 0.67+0.02 1.87 3+0 25+2 1 11
CMR1 028+0.02 09 12+1 151 6 7
CMR2 092+0.02 3.15 7+1 47 +4 3 22
SBR1 0.34+0.02 325 9+1 37+3 5 19
SBR2 0.19+0.01 1.82 2+0 4=+0 1 2
SB E1 036 +0.01 3.44 6+0 21+2 3 11
SBE2 057+0.02 545 5+0 38+3 3 19
HLE1 0.63+0.02 1.70 4+0 38«3 2 17
HLE2 077+0.03 212 11+1 27=x2 5 12

Peak axial velocities and maximum turbulent shear stresses
of the jets are also estimated within this table.

Turbulent normal and shear stresses are reported both from
mean and maximum velocity measurements.

For details of jets, see Table I (footnote).

velocity measurements. This contamination amounted
to no more than 2 N/m? in the present study (19), and
was subtracted from calculations of the turbulent shear
stresses before they were reported in Tables II-IV.

The laser Doppler velocimeter measures velocities
over a sample volume close to an order of magnitude
smaller than the PDU method used in the present
study. For this reason, laser Doppler velocimetry has a
much better spatial resolution than PDU. Since the
sample volume of the ultrasound transducer used in
the present studies had dimensions on the order of 1
mm, this transducer could not accurately measure jet
width or shape. For this reason, jet width and shape
were not reported.

The small size of the ultrasound sample volume rel-
ative to the leakage jet width also meant that the ultra-
sound technique of using several mean velocity
measurements to calculate turbulent stress introduced
error into the calculations. This error was associated
with the fact that a considerable portion of the sample
volume was located outside the turbulent portion of
the jet, and its magnitude was dependent on the por-
tion of the jet within the sample volume. Turbulent
fluctuations detected by the transducer would there-
fore be dampened by averaging with velocity meas-
urements obtained within the portion of the sample
volume outside the jet, and the turbulent stress calcu-
lated by mean velocity measurements would be lower
than the turbulent stress within the jet. Hence, the use
of mean velocity measurements from the ultrasound
transducer in turbulent stress calculations would be
expected to underestimate turbulent stress magni-
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Table IV: 95% confidence intervals of the largest velocities
and turbulent normal stresses measured within leakage jets
of the high driving pressure group.

]et (uoo),x Upeak Ox (N/mz) Tmax (N/mz)

(m/s)  (m/s)

Uij(mean)  Uijmax)  Uij(mean) Uij(max)

CME1 1.18+0.03 4.04 9+1 53+4 4 24
CME2 146+0.04 499 36+3199=x1l6 17 92
MPE1 1.33 +£0.03 19+2 61+5
MPE2 1.01 £0.03 10+1 39+3

Peak axial velocities and maximum turbulent shear stresses
of the jets are also estimated within this table.

Turbulent normal and shear stresses are reported both from
mean and maximum velocity measurements.

For details of jets, see Table I (footnote).

tudes.

In contrast, the use of maximum velocity measure-
ment within the sample volume to calculate turbulent
stress is expected to overestimate turbulent stress mag-
nitudes. Because the maximum velocity function
measures the largest velocities within the sample vol-
ume at a given time, it can measure the movement of
the largest turbulent eddies within a flow. As all tur-
bulent energy originates in these larger eddies, the
maximum velocity function can be used to measure
turbulent stress. The potential problem with the use of
this function is that the maximum velocity is measured
independently of whether it moves toward or away
from the transducer. Because of this, abrupt changes in
velocity measurement could be caused by changes in
the direction of maximum velocity observed by the
transducer, which may not necessarily be due to tur-
bulent eddies. In the present study, turbulent stresses
were calculated from both mean and maximum veloc-
ity measurements to represent a range within which
the actual value of turbulent stress should lie.

Angle correction

Another limitation of the PDU technique used in this
study was that it was only able to measure velocity in
one direction. For this reason it was necessary to use
angle estimates from previous in-vitro studies (11,14)
and an analytical technique to determine peak velocity
and maximum turbulent shear stress. There may have
been differences between the angles of the leakage jets
estimated in the previous studies and those found in
the present investigation, due to atrial inflow and
differences in chamber geometry between in-vivo and
in-vitro experiments, among other things. Angle-cor-
rected velocity measurements have been found to
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overestimate the peak velocity magnitude, due to the
presence of out-of-plane velocity components within
the sample volume (25). This overestimation would be
expected to increase with the magnitude of the angle
correction. An upper limit on leakage jet velocity can
be obtained from Bernoulli’s equation, which relates
the pressure difference across a valve to the peak jet
velocity if no viscous resistance were present. Under
medium driving pressure conditions, Bernoulli’s equa-
tion sets an upper limit of approximately 5.6 m/s on
the peak velocity. As an appreciable amount of
momentum is expected to be lost from viscous resist-
ance, the validity of the peak jet velocity estimated for
the SB valve (5.5 m/s) was very questionable. The
ultrasound technique used in the present studies may,
therefore, not be well suited for the calculation of peak
jet velocities. The overestimation resulting from angle
estimation and correction is not expected to greatly
affect the velocity variation from which turbulent
shear stresses are calculated.

Blood rheology

Blood is generally simulated in vitro with a
Newtonian fluid - a fluid that has a linear relationship
between velocity gradient and viscous shear stress. At
shear rates above 500 s‘l, attractive forces between
blood cells play only a small role in blood behavior,
and mean velocity profiles can be simulated with a
Newtonian analog (18). This is expected to occur along
the edges of the leakage jets of heart valve prostheses,
where velocity gradients can exceed 4,000 sTa.
Because of this, peak leakage jet velocities measured
using blood would be similar to those measured using
Newtonian blood analogs under similar conditions.

Turbulent stresses, however, would be expected to
be smaller in blood than in Newtonian analogs under
similar conditions. This is partially due to the afore-
mentioned attractive forces between blood cells, and
partially due to the elastic nature of erythrocytes. The
erythrocyte is an extremely flexible structure, capable
of undergoing large membrane deformations and
returning unscathed to its original shape (26). In addi-
tion, a velocity gradient applied to the surface of the
erythrocyte would merely cause its membrane to
rotate around its fluid contents. The attractive forces
between blood cells and the viscoelastic nature of ery-
throcytes enable the blood to dissipate turbulent ener-
gy without damage. Flows with solutions of
long-chain polymers at low concentrations have been
found to have decreased turbulence in comparison
with Newtonian fluids (18). Blood is expected to
behave in a similar fashion.

Atrial chamber geometry
The geometry of the atrial chamber of the heart was
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different from that of most previous in-vitro models in
two notable aspects. The first is that the atrium was
quite small in size, and leakage jets from the mitral
valve impinged quickly on the atrial wall. In some
experiments of the present investigation, measure-
ments were attempted at an axial distance of 5 mm
from the valve housing, and could not be collected
because the sample volume of the transducer was
located within the atrial wall. This short distance
impingement would be expected to slightly reduce the
peak velocity of the leakage jets, and it was unclear
how this would affect turbulence within the jets. The
second notable aspect was that forward flow entered
the atrium in a direction nearly parallel to the plane of
the valve housing, and the leakage jets of a mechanical
prosthesis contacted the forward flow almost immedi-
ately after exiting the leakage gaps. Forward flow
would affect both velocity and turbulent stress within
the leakage jets. It could either increase or decrease the
peak jet velocity, depending on the angle of the for-
ward flow relative to the jet. Contact between the for-
ward flow and leakage flow mixes two flows of
different velocity and direction, resulting in the cre-
ation of turbulent stresses. Forward and leakage flows
that oppose each other greatly in direction would be
expected to generate large turbulent stresses.

Effects of exercise

Exercise can be expected to increase both heart rate
and the driving pressure for leakage flow. While clear
correlations between heart rate and leakage jet veloci-
ty could not be established, there was shown to be a
correlation between left ventricular pressure and tur-
bulent shear stress estimated from maximum velocity
measurements (Fig. 5). Turbulent shear stress magni-
tudes would therefore be expected to increase signifi-
cantly with exercise. The poor correlation between left
ventricular pressure and leakage jet velocity relative to
the correlation between left ventricular pressure and
turbulent shear stress further suggests that overesti-
mations due to angle correction may be responsible for
inaccuracies in peak velocity estimation.

Comparison of valve designs

While velocities and turbulent shear stresses of the
leakage jets are influenced by left ventricular pressure,
these quantities are also influenced by other variables.
One of these variables is valve design (Table II). The
leakage jets of the MP valve had significantly higher
peak velocities and turbulent normal stresses in the
transducer direction than either the SJ or HL valve.
Another of the variables to affect leakage jet velocity
and turbulent shear stress was the leakage gap width.
No significant turbulence could be detected in experi-
ments with the LL valve, but turbulence shear stresses
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were created by leakage from both the SJ and the HL
valves.

The high turbulent normal stress found in the leak-
age of the MP valve relative to that found in the leak-
age of the SJ or the HL valves under low driving
pressure conditions was expected. Flow over geome-
tries with sharp corners, such as the cylindrical projec-
tion of the MP leaflet hinge, start to become disturbed
at much lower Reynolds numbers than flow over
geometries with smooth contours, such as the SJ hinge
design. Since the Reynolds number of leakage flow
rises with left ventricular pressure, the MP valve
would become considerably turbulent at lower values
of left ventricular pressure than the SJ valve. The MP
valve has been shown previously to create more flow
disturbance than the SJ hinge design, both within the
pivot and in the exiting leakage flow in vitro (10,17,27).

The leakage jets of the S] and HL valves were very
similar, both in peak velocity and turbulent normal
stress calculated from maximum velocity measure-
ments. This could mean that the HL valve was just out-
side of leakage tolerances for the S] design, and that
the SJ valve studied was close to the upper leakage tol-
erance for this design.

Under medium driving pressure conditions, leakage
of the SJ, CM, SB, and HL valves had similar magni-
tudes of turbulent shear stress, when calculated from
maximum velocity measurements. When calculated
from mean velocity measurements however, turbulent
stresses within the leakage of the SJ valve were only
slightly lower than those of the CM, SB, and HL valves.
A previous laser Doppler velocimetry study conducted
by Steegers et al. at medium driving pressure condi-
tions supported this finding (11). In these studies, tur-
bulent shear stresses were calculated analytically from
SJ, CM, and SB leakage jet velocity gradients. It should
be pointed out, however, that leakage jet turbulence
could vary considerably from valve to valve due to the
manufacturing tolerances of a given valve design.

The largest turbulent shear stresses magnitude esti-
mated in these studies (92 N/m?) was within only one
jet of the CM valve under high driving pressure condi-
tions. An examination of the velocity traces of the sur-
rounding measurements indicated that this leakage jet
was present in an area incoming forward flow with an
average velocity of 1 m/s in the opposing direction.
The strongly opposed momenta of the leakage jet and
this forward flow likely created this exceptionally
large stress. The remaining jet studied created turbu-
lent shear stress magnitudes similar to those found in
the MP valve under similar conditions.

Comparison with previous measurements
Most previous in-vitro studies of bileaflet valve leak-
age have been performed using laser Doppler
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velocimetry under medium driving pressure condi-
tions. Ellis et al. found a peak velocity of 0.8 m/s and
maximum turbulent shear stresses of 80 N/m? at 1 mm
proximal to one of the pivots of a S] Standard size 27
mitral valve (10). Steegers et al. (11) performed a simi-
lar study on all four pivots of SJ, CM, and SB mitral
valves, and found peak velocities of 1.0, 1,7, and 0.7
m/s and maximum turbulent stresses of 50, 80, and 60
N/ m2, respectively, within the leakage 1 mm proximal
to these valves using laser Doppler velocimetry. Using
PDU with very small angle correction, Steegers et al.
also estimated peak velocities of 1.3, 0.9, and 0.8 m/s
from the SJ, CM, and SB valves. Meyer et al. reported
peak velocities of 0.7 and 2.3 m/s and max1mum tur-
bulent shear stresses of 45 and 360 N/m? from the
leakage of S] and CM mitral valves (13). Most recently,
Travis et al. reported a peak velocity of 0. 6 m/s and
maximum turbulent shear stress of 27 N/ m? from a SJ
Regent size 17 aortic valve (14). Thus, under medium
driving pressure conditions, in-vitro studies have
reported peak jet velocities between 0.6 and 1.0 m/s
for the SJ valve, between 1.7 and 2.3 m/s for the CM
valve, and of 0.7 m/s for the SB valve. The largest max-
imum turbulent shear stresses have been reported to
be between 27 and 80 N/ m? for the SJ valve, between
80 and 360 N/ m? for the CM valve, and 60 N/ m? for
the SB valve.

In the present study, peak velocities of 2.0, 3.2, and
5.5 m/s were estimated within the leakage of the §J,
CM, and SB valves respectively under medium driving
pressure conditions. The differences between these
and previous measurements may have been due to jet
impingement on the atrial wall, differences in meas-
urement techniques, or differences in incoming for-
ward flow. Jet impingement on the atrial wall would
be expected to lower velocities found in the present
study relative to those of previous in-vitro studies.
Instead, the peak velocities reported by the present
studies were larger than those reported in previous
investigations. Laser Doppler velocimetry is expected
to underestimate jet peak velocity due to velocity gra-
dients across the sample volume. However, the study
of Steegers et al. showed that PDU using small correc-
tion angles agreed well with laser Doppler velocimetry
measurements. Thus, laser Doppler velocimetry
would be well suited to the measurement of peak
velocity within leakage jets, and differences between
these and previous measurements would most likely
be due either to overestimation of jet peak velocity by
PDU due to the measurement of out of plane velocity,
or from differences in incoming forward flow.

Maximum turbulent shear stresses calculated from
mean Ve10C1ty measurements in the present study (1, 6,
and 5 N/m?, for the SJ, CM, and SB valves, respective-
ly) were over an order of magnitude lower than those
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reported in previous in-vitro studies. Turbulent shear
stresses calculated from max1mum velocity measure-
ments (21, 22, and 19 N/ m? for the SJ, CM, and SB
valves) were also considerably lower than the range of
those found in vitro. The study of Steegers et al. (11)
used a large, open chamber, in which forward-flow
contact with the leakage jets would be expected to be
negligible. This should decrease the calculated turbu-
lent shear stresses of their results relative to those of
the present study, but this did not happen. Therefore,
differences between the present findings and previous
in-vitro results could result from differences in meas-
urement techniques, or differences in fluid rheology.

Potential for blood damage

The results of the present study suggested that the
blood damage potential of leakage flow could be con-
siderably less than was previously thought. Almost all
turbulent shear stresses estimated from the results of
these experiments were well below blood damage
thresholds reported for hemolysis or platelet disrup-
tion on a time scale comparable to 1 ms (4,28). The sole
exception was the leakage flow measured proximal to
the CM valve under high driving pressure conditions,
which reached a turbulent shear stress of 92 N/m?.

Leakage flow turbulence likely plays only a minor
role in the total blood damage caused by blood flow
around bileaflet prostheses, even if the maximum tur-
bulent shear stresses created by the leakage of valves
are as high as those reported in vitro. This can be seen
by comparing blood exposure to leakage turbulence
and forward-flow turbulence. Within a given heart-
beat, the volume of blood exposed to forward flow is
30 to 40 times greater than the volume of blood
exposed to leakage flow. Turbulent shear stresses
measured in the forward flow of bileaflet prostheses
(29-33) are the same as (or an order of magnitude
greater than) those measured in leakage flow. In addi-
tion, the exposure time of cells to turbulent stresses
during forward flow is an order of magnitude greater
than the corresponding exposure time during leakage
flow. The small length scales of the turbulent eddies
which occur during leakage flow are sometimes stated
as a reason that leakage flow turbulence is so damag-
ing. However, the turbulent portion of forward flow in
the jets immediately distal to the valve is composed of
mixing layers approximately 1-2 mm in thickness.
Within these mixing layers, turbulent eddies have
length scales comparable to those expected during
leakage flow. Because forward-flow turbulence affects
a greater volume of blood than leakage-flow turbu-
lence, creates stresses of magnitude equal or greater
than those created by leakage flow turbulence, acts on
cells for a longer time than leakage flow turbulence,
and has small eddies of comparable size to leakage
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flow turbulence, forward-flow turbulence is more like-
ly to damage blood cells than leakage-flow turbulence.

It is important to distinguish the previous statement
from the statement that forward flow is more likely to
damage blood cells than leakage flow. Turbulence is
one phenomenon that could result in blood damage,
but others exist. Mechanical valves which create either
high viscous stresses during leakage flow or cavitation
could initiate blood damage irrespective of the amount
of turbulence created by the valve. Preliminary studies
have suggested that cavitation (34) and viscous stress-
es during leakage (35) may be very damaging to blood
cells.

In conclusion, increases in left ventricular pressure,
which could be brought about by exercise, cause
increases in turbulent shear stresses within the leakage
jets of bileaflet prostheses. Hinge design and leakage
gap width can also affect the magnitudes of these
stresses. Turbulent shear stresses that occur within the
leakage jets may be smaller in magnitude than previ-
ously thought, and hold less potential for blood dam-
age than forward-flow turbulence.
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