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Despite the success of bileaflet mechanical heart
valves (BMHVs), thromboembolic and bleeding com-
plications remain major clinical problems (1,2). Recent
studies have shown that the high velocities and elevat-
ed turbulent stresses of the leakage flows through
these prosthetic heart valves are the primary contribu-
tors to the observed clinical problems (3-7). In contrast,
leakage flows help wash out the hinge recess, prevent
flow stasis, and minimize blood element build-up.
This suggests that the hinge region is one of the most
critical design features of BMHVs, directly influencing
valve functionality and thrombus formation (3-6,8).

Previous studies have focused primarily on the
influence of the overall hinge geometry on the flow
field (3-7), with few addressing the effect of hinge gap

width (9-11). When Travis (10) investigated three
bileaflet carbon prototypes of the St. Jude Medical
(SJM) 27-mm Standard valve, with varying hinge gap
width, the smallest and largest hinge gap widths
caused higher activated platelet counts than the regu-
lar hinge gap width in a steady retrograde blood flow
loop. Based on these results, the possible existence was
suggested of an optimum hinge gap width. The stud-
ies performed by Travis and colleagues did not charac-
terize the hinge flow fields, however, and lacked
detailed flow measurements to explain the observed
platelet activation levels.

The present study was designed to investigate the
influence of hinge gap width on microflow fields with-
in the hinge region, and to relate these results to the
potential for blood element damage.

Materials and methods

Valve characteristics
Three clear-housing prototypes of the 27-mm
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Background and aim of the study: Most bileaflet
mechanical heart valves (BMHVs) incorporate some
retrograde flow through their hinge mechanism to
prevent flow stasis and inhibit microthrombus for-
mation. This reverse flow is characterized by high
velocities and shear stresses, thereby promoting
platelet activation and hemolysis inside the hinge
region. In the present study, the thromboembolic
potential of three 27-mm BMHVs with varying hinge
gap widths was assessed via in-vitro characterization
of the hinge microflow structures.
Methods: Three 27-mm BMHV prototypes with dif-
ferent hinge gap widths (50, 100, and 200 µm) were
provided by St. Jude Medical Inc. The valves were
mounted in the mitral position of a left heart flow
simulator, and two-dimensional laser Doppler
velocimetry was used to measure the hinge velocity
fields.
Results: All three valve prototypes revealed

Reynolds shear stress (RSS) levels above 2,000
dynes/cm2, which exceeded the threshold for platelet
activation and hemolysis. The hinge flow fields were
characterized by leakage jets during systole, and a
strong vortical flow during diastole. The leakage jet
size and corresponding RSS levels were found to
increase with the hinge gap width. All three gap
widths had RSS >4,000 dynes/cm2 (range: 5,640 to
13,315 dynes/cm2). The hinge with the smallest gap
width registered the highest jet velocity magnitude
(2.08 m/s) during systole.
Conclusion: The study results showed that the hinge
gap width influences washout and RSS levels inside
the hinge recess. The 100-µm hinge gap width pro-
vided optimum fluid dynamic performance. In con-
trast, the two valves with large and small hinge gap
widths may have higher thromboembolic potential.
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Standard SJM valve with varying hinge gap widths
were provided by St. Jude Medical, Inc. (Minnesota,
USA). The leaflets of the prototypes were constructed
from Delrin and enclosed in a clear housing to ensure
optical access to the hinge region. The term ‘hinge gap
width’ was defined as the clearance between the tip of
the leaflet ear and the center of the hinge recess (Fig.
1a). The hinge gap widths of the three valves, meas-
ured using microcomputed tomography, were approx-
imately 50, 100, and 200 µm, and the valves were
designated as the ‘low leaker prototype’ (LLP), the
‘Standard SJM’ (Standard), and the ‘high leaker proto-
type’ (HLP), respectively.

Flow velocity measurements
The three valves were mounted in the mitral position

of the Georgia Tech left heart simulator, and laser
Doppler velocimetry (LDV) measurements were per-
formed at selected elevation planes through the hinge
region to measure the velocity fields and quantify tur-
bulence characteristics. The grid spacing between
measurement locations inside the hinge recess (above
the flat level) was 0.254 mm and 0.381 mm in the x and
y directions, respectively, while outside the hinge
recess (below the flat level) the grid resolution was
0.394 mm and 0.787 mm in the x and y directions,
respectively.

The flow set up used in the present study was typi-
cal for an adult human. The specific physiological con-
ditions imposed on the valve included: heart rate of 70
beats/min (corresponding to a cardiac cycle of 860
ms), cardiac output of 4.0 l/min, peak diastolic flow

rate of 10.0 l/min, diastolic duration of 560 ms, and
peak left ventricular pressure of 130 mmHg. The com-
pliance and resistance sections of the loop allowed
additional control of the mitral flow and pressure
waveforms.

The working fluid was a solution of 79% saturated
aqueous sodium iodide, 20% glycerin, and 1% water
(v/v/v). This blood analogue fluid had a kinematic
viscosity of 3.5×10-6 m2/s (3.5 cSt) to match that of
blood at high shear rates, and its refractive index was
adjusted to match that of the valve-mounting chamber
(1.49), thereby minimizing optical distortion. The flow
was seeded with silicon carbide particles (TSI Inc.,
Shoreview, MN, USA) with a nominal diameter of 
1.5 µm.

Two-component velocity measurements were
obtained with a fiber optic, three-component, coinci-
dent LDV system (Aerometrics Inc., CA, USA) used in
backscatter mode. A two-component fiber optic trans-
ceiver (Model XRV 1204; TSI Inc.) with a 100-mm focal
length lens was coupled to a fiber drive to produce an
ellipsoidal probe volume with minor and major axes of
21 µm and 140 µm, respectively. A total of 21,500 meas-
urement samples was acquired at each measurement
location. Measured velocities were computed off-line
using gate time-weighted averaging to eliminate
velocity bias. The velocities were phase-averaged
within 20-ms time windows for subsequent analysis,
each of which contained an average of 500 data points.
This temporal resolution was sufficiently long to
ensure a valid statistical result in each time window,
and yet short enough to consider the data set within
each time window as quasi-steady. Statistical filtering
was then applied such that samples more than five
standard deviations from the mean were discarded. A
detailed description of the data processing can be
found elsewhere (7,10,12). The selection of the 20-ms
bin width used for calculation of statistics is currently
the smallest value to achieve both satisfactory tempo-
ral resolution and statistical convergence for the hinge
study. Since 20-ms temporal resolution does not
resolve the opening and closing events, the study was
focused on the influence of hinge gap width only on
the flow phases consistently studied previously (3,5,6)
to determine the thromboembolic potential of hinge
designs under mitral conditions.

In addition to the pulsatile experiments described
above, the three valves were tested under static pres-
sure conditions. Each valve was subjected to a constant
back-pressure of 120 mmHg using a constant-head
reservoir, and the leakage flow rate measured using a
bucket and stop watch. The working fluid was a
water/glycerin blood analogue solution (60/40, v/v).
The leakage flow rate was computed as an average of
six repetitions of the experiment.
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Figure 1: Side view (a) and top view (b) schematics of the
hinge region, with pertinent terminology used to describe

the laser Doppler velocimetry (LDV) measurement
locations.



Results

Static leakage rate experiments
The highest and lowest leakage flow rates observed

were from the 27-mm HLP and LLP valves, with aver-
age values of 0.490 ± 0.021 l/min and 0.049 ± 0.001
l/min, respectively. The leakage rate for SJM 27-mm
Standard (0.351 ± 0.022 l/min) was between that of the
HLP and LLP valves.

Flow velocity measurements inside and outside the
hinge pivot

The results are presented as two-dimensional vector
plots, illustrating the phase-averaged in-plane velocity
field at specific phases of the cardiac cycle, namely the
systolic (leaflets in closed position) and diastolic
(leaflets in open position) phases. For clarity, the leaflets
were not superimposed on the plots. The arrows pointed
in the direction of the mean velocity vectors and are
color-coded by the Reynolds shear stress (RSS) magni-
tude given in the figure legends. The arrow lengths
were proportional to the velocity magnitude. The termi-
nology used to describe the geometry of the hinge is
indicated in Figure 1b. The overall fluid dynamic effect
of hinge gap width is depicted by the velocity and RSS
fields at the flat level, and at 190 and 390 µm above the
flat level. Results at different elevations below the flat
level showed similar flow patterns, and therefore
description of the results below the flat levels is limited
to that of the flow field recorded at 500 µm below the
flat level. Results for the 27-mm Standard valve are fol-
lowed by those of the LLP and HLP.

27-mm Standard SJM valve at the flat level
Systole: A leakage jet of 0.60 m/s was seen in the atri-

al corner of the hinge geometry at the onset of systole.
Approaching mid-systole (Fig. 2a), this leakage jet

reached a peak velocity of 1.40 m/s, while the maxi-
mum velocity recorded in the leakage jet at the adja-
cent corner was smaller (1.10 m/s). Regions of low
flow (<0.05 m/s) were observed along the hinge
boundary at the atrial and ventricular corners. The cal-
culated RSS levels in the atrial jet ranged from 100 to
1,100 dynes/cm2 (Fig. 2a), while the RSS levels in the
adjacent jet were between 1,000 and 5,500 dynes/cm2.
A third jet, observed in the lateral corner had a peak
velocity magnitude of 0.37 m/s and a corresponding
RSS level of 300 dynes/cm2.

Diastole: A vortical flow, with a velocity magnitude
on the order of 0.50 m/s and RSS values ranging
between 10 and 250 dynes/cm2, was observed at the
adjacent corner at mid-diastole (Fig. 2b). The velocity
magnitudes and RSS levels of the low flow observed in
the lateral and ventricular hinge corners were 0.05 m/s
and 10 dynes/cm2, respectively.

27-mm Standard SJM valve at 190 µm above the flat
level

Systole: The flow trend observed at 190 µm above
flat level was similar to that at the flat level. Figure 3a
shows the flow field at early systole. Approaching
mid-systole, the leakage jet at the atrial corner reached
a maximum velocity of 1.34 m/s, but abruptly reduced
in size and velocity magnitude towards the end of sys-
tole, The leakage jet at the adjacent corner reached a
velocity of 0.9 m/s at mid-systole. The RSS levels
throughout the hinge region were typically <100
dynes/cm2, except at the atrial and adjacent leakage
jets where peak RSS levels up to 1,000 and 3,800
dynes/cm2, respectively were recorded.

Diastole: A vortical flow, with a peak velocity magni-
tude of 0.16 m/s and a corresponding RSS value <10
dynes/cm2, was visible at the adjacent corner of the
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Figure 2: Phase-averaged mitral velocity field (shown as
vectors) and Reynolds shear stress (RSS) distribution
(color-coded) at the flat level of the hinge region for the

Standard valve at (a) approaching mid-systole and (b) mid-
diastole. Cardiac phases represented as a ball on the flow

curve.

Figure 3: Phase-averaged mitral velocity field (shown as
vectors) and Reynolds shear stress (RSS) distribution

(color-coded) at 190 µm above the flat level of the hinge
region for the Standard valve at (a) approaching mid-

systole and (b) mid-diastole. Cardiac phases represented as
a ball on the flow curve.



hinge geometry (Fig. 3b). Flow at other measurement
locations inside the hinge had a low velocity of 0.02
m/s and corresponding RSS levels <10 dynes/cm2.

27-mm Standard SJM valve at 390 µm above the flat
level

Systole: The flow field at 390 µm above the flat level
was characterized by flow velocities ranging from 0.02
to 0.7 m/s. A maximum leakage velocity of 0.76 m/s
and a corresponding RSS value of 1,261 dyne/cm2

were recorded at the ventricular side during early sys-
tole. Leakage flow (>0.14 m/s) was observed along the
ventricular edge of the hinge at mid-systole, and per-
sisted to end of systole. Here, the RSS levels were gen-
erally <5 dynes/cm2.

Diastole: The flow velocity during diastole was typi-
cally <0.12 m/s, but a band of slightly higher velocity
flow (0.14 m/s) was observed along the atrial edge of
the hinge wall. The RSS values were <10 dynes/cm2.

27-mm Standard SJM valve at 500 µm below the flat
level

Systole: Two leakage jets emanating from the hinge
recesses and a third slower jet emanating from the gap
between the two leaflets, called the B-datum line, were
apparent during systole (Fig. 4a). The leakage jets aris-
ing from the hinge recesses had a maximum velocity of
2.10 m/s, and corresponding RSS levels ranging from
1,000 to 2,000 dynes/cm2. The central orifice leakage
jet, emanating from the B-datum line, reached a maxi-
mum velocity of 0.20 m/s and a corresponding maxi-
mum RSS level of 2,590 dynes/cm2.

Diastole: The flow at the start of diastole was charac-
terized by a strong central orifice jet and two side jets,
which reached velocities of 0.90 m/s and 1.25 m/s,
respectively, during mid-diastole (Fig. 4b). At this

phase of the cardiac cycle, a maximum RSS level of
1,000 dynes/cm2 was seen in the central forward flow
jet, while the RSS levels in the regions bounded by the
central and side forward jets were 100 dynes/cm2.

27-mm Low Leaker Prototype (LLP) at the flat level
Systole: The flow field distribution observed during

systole was qualitatively similar to that in the Standard
valve. At mid-systole, the leakage jet at the atrial cor-
ner reached a velocity magnitude of approximately
0.60 m/s, and corresponding RSS levels ranged from
500 to 900 dynes/cm2 (Fig. 5a). A smaller but faster jet
with a maximum velocity of 2.08 m/s was measured at
the adjacent corner at mid-systole, with RSS levels
ranging between 1,000 and 3,000 dynes/cm2. The RSS
levels in the ventricular and lateral corners were typi-
cally <20 dynes/cm2.

Diastole: The flow field distribution during diastole
was again qualitatively similar to that observed in the
Standard valve. The velocity during the acceleration
phase was generally <0.05 m/s throughout the hinge
geometry. A region of vortical flow became apparent
around mid-diastole at the adjacent corner, with the
eye of the vortex lying next to the leaflet ear. The flow
velocity of the vortical flow reached a maximum veloc-
ity of 0.43 m/s at mid-diastole. The RSS levels
throughout the measurement plane ranged from 10 to
100 dynes/cm2 during diastole.

27-mm Low Leaker Prototype (LLP) at 190 µm above
the flat level

Systole: The flow patterns of the LLP at 190 µm above
the flat level were similar to those observed in the
same valve at the flat level. Leakage jets were observed
at the atrial and adjacent corners of the hinge geome-
try. A maximum velocity magnitude of 0.91 m/s was
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Figure 4: Phase-averaged mitral velocity field (shown as
vectors) and Reynolds shear stress (RSS) distribution

(color-coded) at 500 µm below the flat level of the hinge
region for the Standard valve at (a) approaching mid-

systole and (b) mid-diastole. Cardiac phases represented as
a ball on the flow curve.

Figure 5: Phase-averaged mitral velocity field (shown as
vectors) and Reynolds shear stress (RSS) distribution

(color-coded) at the flat level of the hinge region for the low
leaker prototype (LLP) (a), and high leaker prototype
(HLP) (b), approaching mid-systole. Cardiac phase

represented as a ball on the flow curve.



recorded at the atrial corner toward mid-systole, while
a smaller leakage jet of 1.03 m/s was seen developed at
the adjacent corner (Fig. 6a). The ventricular and later-
al corners were characterized by near-zero velocity
flow that persisted throughout systole. A maximum
RSS of 4,146 dynes/cm2 was recorded in the adjacent
leakage jet. The RSS values at the adjacent corner were
much higher (1,500-4,150 dynes/cm2) than that at the
atrial corner (400-500 dynes/cm2).

Diastole: A vortical flow persisted at the adjacent cor-
ner throughout diastole, but became weaker towards
the end of diastole. A strong forward flow (0.4 m/s)
was observed at the atrial side and was directed
around the leaflet ear towards the vortical flow. The
ventricular and lateral corners were characterized by
near-zero velocity flow (0.04 m/s) throughout diastole.
The RSS levels during diastole were <24 dynes/cm2.
The peak RSS value of 24 dynes/cm2 was recorded at
the adjacent corner between the vortical flow and the
wall of the hinge geometry.

27-mm Low Leaker Prototype (LLP) at 390 µm above
the flat level

Low velocity flow was recorded throughout the
hinge region during systole, with a maximum velocity
of 0.46 m/s observed at the ventricular side. The RSS
levels were <10 dynes/cm2.

Velocity magnitudes during diastole were on the
order of 0.04 m/s, and the RSS levels were <10
dynes/cm2.

27-mm Low Leaker Prototype (LLP) at 500 µm below
the flat level

Systole: Three leakage flows were observed through-
out systole. At mid-systole, the central leakage flow,

emanating from the B-datum line, had a velocity of
0.20 m/s and a corresponding peak RSS level of 500
dynes/cm2. The two lateral leakage flows emanating
from the hinge recesses reached a peak velocity of 0.70
m/s and corresponding maximum RSS level of 1,440
dynes/cm2.

Diastole: During diastole, the flow field distribution
was characterized by a central jet and two side jets. All
three jets reached a velocity magnitude of 1.0 m/s at
peak diastole. The RSS levels in the central and side
jets were <100 dynes/cm2 at the onset of diastole, and
decreased to 10 dynes/cm2 during the rest of diastole.

27-mm High Leaker Prototype (HLP) at the flat level
Systole: The flow field at the flat level of the HLP dur-

ing early systole was qualitatively similar to that
observed in the Standard valve and the LLP, except
that higher velocity magnitudes and larger leakage jets
were measured at both the atrial and adjacent corners
(Fig. 5b). At mid-systole the atrial jet reached a maxi-
mum velocity of 1.86 m/s, while the peak velocities in
the adjacent and lateral corners were 1.57 and 0.96
m/s, respectively. The RSS levels reached 4,000
dynes/cm2 in the adjacent jet, while in the atrial and
side jets, the peak RSS levels recorded were three- to
six-fold smaller at 1,440 and 700 dynes/cm2, respec-
tively.

Diastole: The velocities at the flat level of the HLP
during diastole were lower than those recorded in the
Standard and LLP valves. Velocities throughout the
hinge region were close to zero during diastole, except
in the vortical flow at the adjacent corner where a max-
imum flow velocity of 0.20 m/s was recorded. The RSS
levels throughout the hinge were typically <10
dynes/cm2.
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Figure 6: Phase-averaged mitral velocity field (shown as
vectors) and Reynolds shear stress (RSS) distribution

(color-coded) at 190 µm above the flat level of the hinge
region for the low leaker prototype (LLP) (a), and high
leaker prototype (HLP) (b), approaching mid-systole.
Cardiac phase represented as a ball on the flow curve.

Figure 7: Schematic of the common flow features inside the
hinge recess of the three valves. (a) during systole; (b)

during diastole.



27-mm High Leaker Prototype (HLP) at 190 µm above
the flat level

Systole: The observed flow pattern was similar to that
seen at the flat level, and also at both the flat and 190
µm above the flat levels of the Standard and LLP
valves (Fig. 6b). Two main leakage jets were seen in the
hinge at the atrial corner and the adjacent corner. The
leakage flow in the ventricular side reached a maxi-
mum velocity of 1.95 m/s towards mid-systole, while
those at the atrial and adjacent corners fluctuated
between 0.3 and 1.2 m/s. The observed flow field per-
sisted until late systole. The RSS levels of the leakage
jets at the atrial and adjacent corners varied between
1,000 and 7,500 dynes/cm2, while those in the ventric-
ular and lateral corners were lower and ranged from
500 to 2,500 dynes/cm2.

Diastole: The flow velocity during diastole was typi-
cally <0.02 m/s throughout the entire hinge region,
and the corresponding RSS levels were <15
dynes/cm2. A vortical flow region was observed at the
adjacent corner at mid-diastole, and persisted through-
out diastole.

27-mm High Leaker Prototype (HLP) at 390 µm above
the flat level

Near-zero velocities (0.01 m/s) and low RSS levels
(<5 dynes/cm2) were recorded during systole in the
entire hinge region except for the ventricular side,
where a strong leakage flow was observed. The leak-
age jet reached a maximum velocity of 0.85 m/s and a
corresponding peak RSS level of 1,147 dynes/cm2 at
mid-systole.

Flow velocities during diastole were <0.02 m/s, with
RSS levels close to zero.

27-mm High Leaker Prototype (HLP) at 500 µm below
the flat level

Systole: The systolic flow field was similar to those

observed in the other two valves at the same elevation.
The two leakage jets emanating from the hinge recess-
es reached a peak velocity of 1.00 m/s at mid-systole,
with a corresponding RSS level of 1,320 dynes/cm2.
The central leakage flow was slower, with a peak
velocity of 0.25 m/s and a corresponding RSS level of
100 dynes/cm2.

Diastole: The flow field distribution throughout dias-
tole was similar to those observed with the Standard
and the LLP valves. The maximum velocity in the
three forward jets reached 1.00 m/s, and the corre-
sponding RSS levels ranged from 30 to 100 dynes/cm2

during mid-diastole.

Discussion

Effect on static leakage flow
The static leakage performance of the three 27-mm

bileaflet valves showed that the leakage flow rate
increased with hinge gap width. A closer comparison
of the leakage flow rate results revealed that both the
Standard and HLP valves had leakage rates that were
one order of magnitude higher than that of the LLP
valve. Similar experiments on static leakage perform-
ance with respect to hinge gap width were conducted
by Travis (10) for three 27-mm carbon BMHVs. The
leakage rates of the 27-mm carbon HLP and LLP
valves were found to be 0.84 ± 0.08 l/min and 0.147 ±
0.011 l/min, respectively (10), with that of the carbon
HLP being almost double that of the current HLP
clear-housing model. This variation was attributed to
differences in the hinge gap widths between the clear-
housing and carbon HLPs. The leakage result for the
SJM 27-mm Standard carbon valve obtained by Travis
was 0.423 ± 0.034 l/min (10). In assessing these results,
the clear-housing LLP presents an extreme case for a
very low hinge gap width, while the clear-housing
HLP valve represents a moderately higher gap width.
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Table I: Comparison of numbers of measurement locations at the atrial and adjacent leakage jets at the flat level, with
corresponding velocity (m/s) and Reynolds shear stress ranges (dynes/cm2, in parentheses) for the three valve types.

Valve Systole Diastole
type ______________________________ ______________________________

Flat Above the flat level (µm) Below the flat level (µm)
level _______________________________ ______________________________

190 390 585 500 1000 3000

LLP 2.08 1.03 0.39 NA 1.24 1.29 1.35
(5,630) (4,145) (490) - (1,440) (1,370) (630)

Standard 1.57 1.34 0.72 0.04 2.1 1.39 1.44
(7,000) (3,810) (1,260) (10.0) (2,590) (2,070) (440)

HLP 1.85 1.94 0.84 0.06 1.31 1.42 1.41
(13,315) (7,625) (1,150) (115) (1,320) (800) (445)

NA: Not available.



Common flow features
The maximum phase-averaged velocity magnitudes

and RSS levels measured both inside and outside the
hinge region are summarized in Table I. For all three
valves, the peak velocities within the hinge recess were
observed in the atrial and adjacent corners of the hinge
during systole, while the maximum velocities outside
the hinge recess were generally recorded in the for-
ward flow jets during diastole. The relative sizes of the
atrial and adjacent corner leakage jets for the three
valves are summarized in Table II; the respective
velocity and RSS level ranges observed are also listed.
The main flow features observed at and above the flat
level within the hinge recess during systole and dias-
tole are summarized in Figure 7.

Flow field inside the hinge recess
During early systole at the flat level, leakage jets

were observed in the atrial and adjacent corners of all
three valve hinge geometries. Even though the adja-
cent jet was smaller in spatial size than the atrial jet, the
RSS levels in the adjacent corner were typically a fac-
tor of two higher than those recorded in the atrial cor-
ner (Table II). This may be due to the relatively smaller
size of the squeeze flow occurring under the leaflet at
the adjacent corner of the hinge. The lateral jet flow is
also a result of squeeze flow between the leaflet and
the edge of the hinge. Low-flow regions with a veloci-
ty magnitude of less than 0.05 m/s (see Fig. 7a) were
observed along the hinge wall at both the atrial and
ventricular corners due to these measurement points
lying close to the recess boundary. During diastole, a
vortical flow region was observed in the adjacent cor-
ner of the hinge at the flat level (Fig. 7b). Fluid from the
atrial and adjacent corners appears to enter this vortex
and move downstream in a helical manner while
crossing the hinge gap. This vortical structure, which
has been observed previously (3-6,8,9,13), was also evi-
dent in the present study, both at the flat level and at
190 µm above the flat level. The leakage flow patterns
at 190 µm above the flat level were similar to those
seen at the flat level. During diastole, a vortical flow
was observed near the adjacent corner of the hinge at
the flat level, and at 190 µm above, the flat level in all

three valves. Flows from the atrial and adjacent cor-
ners were directed into this vortical zone as a result of
the obstruction of the leaflet ear in the open position.

The peak RSS values (see Table I) were above the crit-
ical thresholds estimated for red blood cell damage
and platelet activation (3,6,14-17). RSS values reported
to cause hemolysis range from 400 to 5,600 dynes/cm2

with exposure time ranging from 10-4 to 102 s (14,17).
The reported values of RSS leading to platelet activa-
tion range from 100 to 1,000 dynes/cm2, with exposure
time ranging from 10-2 to 102 s (15,16). The observed
ranges of RSS in the leakage jets at the atrial and adja-
cent corners during systole were 500-1,500 dynes/cm2

and >5,000 dynes/cm2, respectively (Table II).
Therefore, these leakage jets are regions that possibly
favor platelet activation and hemolysis. Given that in
the present study the velocity was phase-averaged
over a time bin of 20 ms (10-2 s), it is reasonable to
assume that the large magnitudes of RSS last for suffi-
cient duration to be detrimental to blood elements.

Flow field outside the hinge recess
The flow below the flat level of all three valves was

found to be strongly influenced by the leaflet position.
During mid-systole, high velocity leakage jets, with
peak velocity magnitudes exceeding 1.0 m/s (Table I),
were seen emanating from the two hinge recesses and
from the B-datum line. The diastolic flow fields at all
elevations below the flat level were characterized by
three forward flow jets of similar velocity magnitude -
one central orifice jet bounded by two side jets. This
flow pattern, which is typical of a BMHV, was a result
of the open leaflet configuration during the forward
flow phase.

The flow velocities and RSS levels measured below
the flat level were typically lower than those within the
hinge recess (Table I). At these elevations, the regions
most likely to cause blood element damage were the
systolic leakage jets - two emanating from the hinge
recess and one from the B-datum line.

Differences in flow features and RSS levels
There was no noticeable difference in the flow fields

below the flat level for the three valves. The largest dif-
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Table II: Peak phase-averaged velocity (m/s) and Reynolds shear stress (RSS; dynes/cm2) for the three valve types.

Valve Leakage Measurement Velocity range RSS range
type jets locations (n) (m/s) (dynes/cm2)

LLP Atrial jet 32 0.26-0.71 110-1,000
Adjacent jet 8 0.28-2.08 200-3,050

Standard Atrial jet 34 0.35-1.57 160-2,360
Adjacent jet 10 0.27-1.1 130-3,475

HLP Atrial jet 39 0.35-1.85 400-2,825
Adjacent jet 19 0.34-1.57 1,017-4,830



ferences were observed within the hinge recess.
During mid-systole, the atrial leakage jet at the flat
level of the HLP was larger and had higher velocities
than those observed in the Standard and LLP valves
(Table II). In addition, during early systole the leakage
jets at the atrial and adjacent corners in both the
Standard and HLP valves experienced an averaged
RSS of about 40% and 228%, respectively, higher than
that observed for the LLP. These two observations may
be attributed to the larger hinge gap widths of the HLP
and Standard valves compared to the LLP, thereby
allowing a larger jet to originate from the center of the
hinge recess.

During diastole, BMHVs with large hinge gap
widths (e.g., those of the HLP), when implanted in the
mitral position, might have an increased risk of throm-
bus build-up in the hinge region due to the reported
lower forward flow velocities. The lower forward flow
through the mitral valve may make the prosthesis vul-
nerable to thrombus build-up in the hinge region, and
this supports the clinical observation that mitral valves
have higher incidences of thromboembolic and bleed-
ing complications than aortic valves (18,19).

In contrast, compared to the HLP and Standard
valves, the LLP had the smallest leakage jet size,
though the recorded peak velocity (2.08 m/s) was the
highest among all valves (Table I). This may predis-
pose the LLP to an increased risk of blood element
damage.

Integration of previous blood experiments with the
observed flow structures

Previously, Travis and colleagues assessed the effect
of the hinge gap width on blood damage and platelet
activation under steady leakage flow conditions (10,11).
These authors found that both the HLP and LLP had
higher activated platelet counts than the Standard SJM
valve, and concluded that the hinge gap width influ-
enced both platelet activation and anionic phospho-
lipid exposure due to leakage flow alone. Although the
activated platelet count difference between the
Standard valve and LLP was not significant, the HLP
was shown to activate significantly more platelets than
the Standard valve. Travis et al. also postulated that dif-
ferent mechanisms might be responsible for the
observed elevated platelet activation seen in both the
HLP and LLP (11). In the HLP, this elevation may be
due to greater turbulence inside the hinge recess as a
result of the increased hinge gap width, whereas in the
LLP the dominant force behind the observed platelet
activation might be the viscous shear stresses. In fact,
the results of the present study corroborated the
hypotheses of Travis and colleagues, and showed that
the HLP had comparatively larger regions of elevated
RSS levels than did either the Standard or LLP valve.

The maximum calculated viscous shear stresses
based on the maximum velocity measured in the hinge
of the HLP, Standard and LLP valves were 1,350, 2,300
and 5,880 dynes/cm2, respectively. Details of these cal-
culations may be found in the literature (20). The LLP
valve had a higher viscous shear stress level than the
other two valves, and this may be responsible for the
increased platelet activation reported by Travis et al.
(11).

In conclusion, the present study examined the effect of
hinge gap width on the microflow fields of BMHVs,
and shows the performance of the 27-mm Standard
SJM valve to lie between that of the HLP and LLP
valves. From a fluid dynamics perspective, the
Standard valve has a more optimal hinge gap width
than the other valves. The results also suggest a poten-
tial for inefficient washout of blood elements in valves
with large hinge gap widths, as shown by the lower
velocity magnitudes observed. Compared to the
Standard and LLP valves, the hinge of the HLP was
plagued by higher velocity magnitudes and elevated
RSS during systole. In contrast, the LLP recorded
smaller regions of high RSS and elevated velocities
than the other valves, though its smaller hinge gap
width may make it more prone to blood element dam-
age owing to increased viscous shear stresses. Regions
of high RSS were typically formed during systole both
inside and outside the hinge region. These regions
were at the atrial and adjacent leakage jets inside the
hinge recess, and in the flow from the B-datum line
below the flat level. The RSS levels in these regions
were above the threshold for hemolysis and platelet
activation, and therefore may induce blood cell activa-
tion. Overall, the present study highlighted the impor-
tance of hinge gap width in determining the
hemodynamic performance of a BMHV, and revealed
that a hinge design with optimal tolerances may sig-
nificantly reduce the potential for thrombus formation.
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