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Abstract—The most widely implanted prosthetic valve is th
mechanical bileaflet. Recent clinical experiences suggest
some designs are more prone to thromboembolic episodes
others. This study evaluated the hinge flow and near-field
ward flow of the new St. Jude Medical® Regent™ bileaflet
mechanical heart valve. Laser Doppler velocimetry measu
ments were conducted within the hinge and near-field forw
flow regions of the Regent™ valve. These pulsatile flow v
locity measurements were animated in time to visualize
flow fields throughout the cardiac cycle. During forward flo
a recirculation region developed in the inflow pocket of t
Regent™ hinge but was subsequently abolished by str
backflow during valve closure. Leakage velocities in the hin
region reached 0.72 m/s and Reynolds shear stresses rea
2,600 dyn/cm2. Velocities in the near-field region were highe
in the lateral orifice jet, reaching 2.1 m/s. Small regions
separated flow were observed adjacent to the hinge reg
Leaflet motion through the Regent™ hinge creates a wash
pattern which restricts the persistence of stagnation zones i
hinge. Based upon the results of these studies, the hemato
cal performance of the Regent™ series should be at l
equivalent to the performance of the Standard series. ©2000
Biomedical Engineering Society.@S0090-6964~00!01105-X#

Keywords—Bileaflet mechanical heart valve, Hinge, Thromb
sis, Laser Doppler velocimetry, Stress.

INTRODUCTION

Today the most widely implanted prosthetic valve d
sign is the mechanical bileaflet. However, recent clini
data suggest that despite similar forward flow charac
istics, some designs are more prone to thromboemb
episodes than others.1 The proper functioning of the leaf
lets of a bileaflet mechanical heart valve requires the
of a hinge mechanism. However, the implications of t
requirement have received comparatively little attent
given the structural significance of the mechanism. V
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lana et al.13 have pointed out that the hinge design d
rectly affects the durability of the valve, as well as i
functionality and potential for thrombus formation. I
particular, good washout of the hinge region is critical
reliable operation of the bileaflet mechanical heart val
as the small characteristic dimensions and complex
ometries of the confined hinge regions can provide
ideal location for thrombus formation.

Recent studies of the unacceptably high thrombo
rates of the Medtronic Parallel™~MP! bileaflet mechani-
cal heart valve have provided strong evidence attestin
the importance of hinge design in the overall clinic
performance of a bileaflet valve.5,6,8,11 The hinge design
of the MP™ valve consisted of two cylindrical projec
tions on the leaflet which rotated with the leaflet insi
an angled hinge recess in the valve housing. The f
hinge recesses were machined into the housing near
flat surface on the inflow side of the valve. In the pr
viously cited studies,6,8,11 the flow through the hinge o
this valve was found to be dominated by unsteadine
vortical structures, and multiple zones of stagnation
pecially within the inflow pocket. These findings we
supported by limited clinical explant data which illus
trated thrombus formation in the inflow pocket. One
the aforementioned studies6 measured very high Rey
nolds shear stresses in the hinge, indicating the prese
of very small turbulent eddies within this area. The
eddies, which were shown to have the same length s
as an erythrocyte, have the potential to disperse th
kinetic energy on blood cell membranes, resulting
cellular disruption or mechanical activation. Previous
vestigations of this valve design have also revealed
the near-field forward flow in the immediate downstrea
vicinity of the valve housing had the potential to devel
localized area of reverse flow adjacent to the hinge
gions, especially in the aortic position.17 These unified
studies suggest an additional mechanism accounting
the high thrombosis rate and poor clinical performan
of the MP™ valve. It is possible that any blood elemen
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525St. Jude Medical® Hinge Flow Fields
which were convected through the already problema
flow fields of the hinge region may in turn have be
entrapped in the separated or reverse flow regions of
near-field downstream forward flow.

In contrast to the performance of the MP™ valve, t
St. Jude Medical® ~SJM®! valve has presented very low
long-term rates of thrombogenicity and valve-relat
events.2,3 The SJM® Standard bileaflet mechanical hea
valve was introduced for clinical use in the United Sta
in 1977. The hinge design of this valve consists of
semicircular projection on the leaflet, called the e
which mates to a similarly shaped recess in the va
housing. The four hinge recesses are machined into
protrusions called pivot guards that project from the
flow side of the valve. Recently the SJM® Standard se-
ries has undergone several innovations. The Hemo
namic Plus™~HP! series was introduced in 1993 an
included a sewing cuff modification which achieved
larger effective orifice area compared to the SJM® Stan-
dard valve, with an equivalent valve annulus diame
The carbon for the HP™ valve was identical to t
carbon used for the SJM Standard valve. The hemo
namic performance of the SJM® HP™ series is equiva
lent to that of the next size larger SJM® Standard.9 The
new SJM® Regent™ series is a modification of the cu
rently marketed SJM® HP™ series and is now bein
used in clinical trials. The SJM® Regent™ valve in-
cludes an increase in the orifice dimensions over
SJM® HP™ valve with a modification of the outsid
geometry of the orifice housing to preserve mechan
integrity. The hinge dimensions of the Regent™ va
were kept identical to those of the SJM® Standard valve.

The purpose of this present study was to evaluate
hinge, near-hinge, and near-field forward flow dynam
of the SJM® Regent™ size 23 mm bileaflet mechanic
heart valve. These studies were conducted with the
mary goal of elucidating the flow patterns that are c
ated within these regions in an attempt to obtain
improved understanding of how the design of the SJ®

valve has contributed to its successful clinical record

METHODS

Valve Models

In order to gain optical access into the hinge mec
nism, St. Jude Medical® provided a 23 mm Regent™
valve model with clear housing. The leaflets were ma
of Delrin and the dimensions and tolerances of the cl
valve were identical to those of a clinical quality SJM®

Regent™ valve. The inner diameter and leaflet flat-to-
dimensions were 0.843 and 0.752 in., respectively. T
downstream near-field studies were conducted usin
clinical quality 23 mm Regent™ pyrolytic carbon valv
-
Flow Conditions

All studies were conducted in the Georgia Tech le
heart pulse duplicator under a cardiac output of 5 l/m
and heart rate of 70 beats/min. For the hinge flow stu
ies, the valve model was mounted in the mitral positi
to simulate the harshest hinge flow and leakage con
tions set up by a 135 mm Hg peak left ventricular pre
sure. A schematic of this flow loop is illustrated in Fig
1. For the downstream forward flow studies, the carb
valve was placed in the aortic position to simulate t
harshest near-field conditions, where the bulk-flow Re
nolds number may transition into the turbulent regim
For these studies, the aortic pressure was 140/80 mm
and the peak systolic flow rate was 30 l/min. The mitr
flow and pressure wave forms have been previou
characterized7 as have both the aortic flow loop an
wave forms.7 Flow rates were measured with an ultra
sonic flow meter~Model T108, Transonic Systems In
corporated, NY! and relevant chamber pressures we
measured with a physiologic pressure transducer~model
P23-ID, Gould-Statham Instruments, CA!. The working
fluid for the studies was a solution of 79% saturat
aqueous sodium iodide, 20% glycerin, and 1% water
volume. This fluid had a kinematic viscosity of 3.5 cSt
match that of blood at high shear rates. The refract
index of the fluid was adjusted incrementally to mat
that of the clear surfaces of the valve chambers, ther
eliminating optical distortion due to changes in refracti
index. Silicon carbide particles~TSI Incorporated, MN!
with a nominal diameter of 2.5mm were used to seed th
flow.

Data Acquisition

A three-component, coincident, fiber-optic laser Do
pler velocimetry ~LDV ! system ~Aerometrics Incorpo-
rated, CA! was used to obtain two-component veloci
measurements within the hinge regions of the Regen
clear valve model. Because of the additional optical d

FIGURE 1. Pulsatile flow loop used for mitral hinge flow
studies.
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526 ELLIS et al.
gree of freedom allowed in the near-field study, thre
component velocity measurements were obtained in
downstream region of the Regent™ carbon valve. In t
system,a 4 W argon-ion laser was coupled to a fib
drive unit which allowed for color separation of the pr
mary beam. The resulting green~514.5-nm-wavelength!
and blue~488-nm-wavelength! beams were used for th
hinge flow measurements and the additional violet~476.5
nm wavelength! was used for the third component in th
three-component measurements. A 100 mm focal len
lens was coupled to the optics train to produce an el
soidal measurement volume with minor and major a
of approximately 21mm3140 mm.

The Doppler signals in the flow fields were process
with fast Fourier transform-based real-time signal anal
ers. A commercial software package~DATAVIEW V. 0.84,
Aerometrics, Inc., CA! was used to acquire data and
control both the signal analyzers and the photomultip
hardware. A resettable clock and three-channel ana
to-digital converter were interfaced to the pulse duplic
tor to synchronize the acquired velocity measureme
with the flow and pressure wave forms. Approximate
8000 measurements were acquired for each spatial l
tion.

Selection of Interrogation Sites

Figure 2~A! shows a top view of the near-hinge r
gions of interest for the 23 Regent™ valve. These
gions included a plane across the inflow edge of
hinge recesses, a plane across the outflow edge,
three planes within the thumbnail, which is a region
slight expansion that is machined into the housing of

FIGURE 2. „a… Representative top view of LDV near-hinge
regions. „b… Perspective view of hinge and thumbnail.
-

-

d

SJM® valve and is illustrated in the perspective view
Figure 2~B!. The measurements in the planes in Fig.
were obtained at a distance of 500mm, 1 mm, and 3 mm
below the level of the flat housing surface. Figure
shows a top view of a hinge illustrating representat
measurement sites in the inflow and outflow hinge po
ets. The measurements at the sites in Fig. 3 were
tained at the level of the flat housing surface@as depicted
in Fig. 2~B!# and at distances of 195, 390, and 585mm
above the flat; these elevational views are illustrated
Fig. 4. Figure 5 shows a downstream view of the ne
field region of interest. The measurement plane was
sitioned 1 mm downstream of the tips of the fully ope
leaflets and encompassed slightly over one quarter of
cross section of the aortic root.

Data Reduction

At each measurement site, the sample record was
vided into a number of bins in order to decompose
pulsatile flow data into a series of discrete time interva
Throughout these studies, a bin width of 20 ms w
used. Since 8000 measurements were acquired, an a
age of just over 180 measurements were used for e
reduction. Baldwinet al.3 have shown that the statistic
of mean velocity and Reynolds stress begin to conve
for data set sizes of 100 measurements or greater.
calculation of the turbulent fluid stresses was acco
plished using a simple decomposition technique wh
separated the mean-flow velocity from the fluctuati
velocities within each time bin. The maximum values
the Reynolds shear stresses~mRSS! in the hinge flow
fields were determined according to the formulation pu

FIGURE 3. Representative top view of LDV hinge flow sites.
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FIGURE 4. Elevational view of LDV mea-
surement sites.
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lished by Baldwin et al.3 The acquired velocity data
were animated in time in order to facilitate visualizatio
of the experimental flow fields as per the automa
procedure published by Healyet al.10

RESULTS

For the hinge flow studies, the results are presente
the form of color images which illustrate the flow field
at specific instances during the cardiac cycle. The arro
in the figures point in the direction of the mean-veloc
vectors and are color coded as indicated in the fig
legends~units m/s!; their length is proportional to veloc
ity magnitude. In each color picture, forward flow
from left to right and the orientation is as given in Fig
2 and 3. For the near-field downstream studies, velo
profiles at selected locations of interest are presen
followed by a depiction of the peak systolic flow fie
throughout the quarter plane. Because the results
most readily amenable to frame-by-frame viewing in
animation sequence on a color monitor, the presenta
in this paper has been limited to only the most promin
features of the respective flow fields.

23 Regent™ Mitral Hinge Flow Fields

Figures 6~A!–6~C! depict the hinge flow fields at mid
acceleration, peak diastole, and midsystole at the leve
the flat. There were two prominent forward flow featur
noted@Figs. 6~A! and 6~B!#. First was the establishmen
of a rotating structure in the inflow hinge pocket, whic
was created by the confining effect of the leaflet e
upon the entering flow. The velocities in this structu
were on the order of 0.10 m/s. The second promin
forward flow feature was the parallel flow through th
outflow hinge pocket, where velocities ranged from 0.
to 0.30 m/s. At midsystole, the rotating structure whi
was present during forward flow was abolished as
leakage jet traveled through the hinge and exited thro
the inflow pocket. In the inflow pocket, the leakage v
locity reached 0.72 m/s and the mRSS reached
dyn/cm2.

At the 195mm elevation, the velocity field at midac
celeration was nearly identical to that seen at the leve
,

e

f

the flat, with the presence of the same rotating struct
in the inflow hinge pocket. Figure 7~A! shows the ve-
locity field at peak diastole, where the rotating inflo
structure became more disturbed as the entering acc
ating flow became confined between the leaflet ear
the wall of the hinge recess. By midsystole@Fig. 7~B!#, a
smaller region of backflow than that present at the
was observed. At the 390mm elevation@Fig. 7~C!#, the
leakage velocity reached 1.5 m/s and the mRSS reac
1000 dyn/cm2.

23 Regent™ Mitral Hinge Inflow, Outflow, and
Thumbnail Flow Fields

In the regions spanning the inflow, outflow, an
thumbnail zones, the dominant flow fields features w
in the forward flow phase. Figure 8 shows the pe
diastolic velocity field along the hinge inflow, outflow
and thumbnail regions 1 mm below the flat. The prom
nent forward flow feature was the skewing of the cent
diastolic jet as it entered the thumbnail region and d
tached from the angulated housing surface, resulting
the formation of two recirculation regions. The peak ce
tral diastolic jet velocity magnitude was 1.0 m/s. Th
mRSS reached 650 dyn/cm2 near the boundaries of th
recirculation regions as the lateral jets penetrated

FIGURE 5. Downstream view of near-field region of interest.
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FIGURE 6. „a… 23 Regent™ mitral hinge
flow field at midacceleration, level with
flat. „b… 23 Regent™ mitral hinge flow field
at peak diastole, level with flat. „c… 23 Re-
gent™ mitral hinge flow field at midsys-
tole, level with flat.
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edges of the thumbnail region. These results were c
acteristic of the forward flow fields at the remainin
elevations below the flat. At all elevations that we
interrogated, regions of separated flow remained in
thumbnail region.

23 Regent™ Aortic Near-Field Forward Flow

Velocity profiles 1 mm distal to the open valve lea
lets are shown in Figs. 9~A!–9~C!. Axial velocity pro-
files along the horizontal centerline of the valve cham
are shown in Fig. 9~A!. The central orifice jet was
present along this profile throughout forward flow. Th
jet was roughly parabolic in shape, and had a peak
locity of approximately 1.7 m/s. Figure 9~B! shows axial
velocity profiles 6 mm above the horizontal centerline
-
the valve chamber. These profiles were taken imme
ately distal to the lateral orifice of the valve; the sing
jet shown by all of these profiles is the lateral orifice je
This jet reached a peak axial velocity of 1.8 m/s with
this profile, and had a pluglike shape during most
systole. Axial velocity profiles along the vertical cente
line of the valve chamber are shown in Fig. 9~C!. Both
the central and lateral orifice jets can be seen in t
profile. The axial velocity of the central orifice je
reached a magnitude of 1.7 m/s within this profile, wh
that of the lateral orifice jet was as high as 2.0 m/s. T
central orifice jet was parabolic in shape, while the l
eral orifice jet had a more pluglike appearance.

Figure 10 shows the peak systolic velocity vecto
color coded by mRSS, over the entire measurement a
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FIGURE 7. „a… 23 Regent™ mitral hinge
flow field at peak diastole, 195 mm above
flat. „b… 23 Regent™ mitral hinge flow field
at midsystole, 195 mm above flat. „c… 23
Regent™ mitral hinge flow field at mid-
systole, 390 mm above flat.
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Figure 10 clearly shows that the lateral orifice jet w
wider and faster than the central orifice jet. Flow fro
the central orifice jet expanded in the direction parallel
the valve leaflets at the axial location of these measu
ments. Secondary flow patterns within the aortic sin
adjacent to the hinge region, were directed from
central orifice jet outward. It is of interest to note that t
secondary flow region adjacent to the hinge is imme
ately downstream of, and in the same radi
circumferential position as, the region of skewed flow
the thumbnail shown in Fig. 8. Relatively large values
mRSS, between 900 and 1100 dyn/cm2, also occurred
along the edges of the central and lateral orifice jets. T
mRSS levels were smaller, less than 200 dyn/cm2,
within the middle of the central and lateral orifice je
and within the recirculating flow of the aortic sinus.
-

DISCUSSION

SJM® Regent™ Hinge Flow

The flow fields within the hinge regions of the SJM®

Regent™ valve were characterized by a dynamic wa
out flow pattern which restricted the persistence of se
rated flow and stagnation zones. During systole,
highest leakage jet velocities and mRSS levels tende
occur in the regions where the leaflet impacted the hin
walls during valve closure. These measurements reve
that a strong backflow jet was created during the leak
flow phase@Figs. 6~C!, 7~B!, and 7~C!#; in the in vivo
case, this jet washout may serve to keep the hinge reg
cleared of any deposited blood elements or pooled
agulative factors. Active leaflet motion through the hin
recesses is thus a contributing factor to the establis
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530 ELLIS et al.
clinical success of the similarly designed hinge of t
SJM® Standard series; therefore, it would also be e
pected to contribute to at least an equivalent success
for the Regent™ series.

These studies also suggest that the actual shape o
hinge mechanism influences the levels of turbulen
and/or unsteadiness generated inside the hinge reg
which is in essence the origin of the leakage jet. In
previous study of the MP™ hinge region6 conducted in
our laboratory, the largest mRSS was measured in
inflow region of the hinge as the backflow jet was a
celerated through the narrow gap between the lea
pivot and housing wall. For purposes of compariso
selected regions in the inflow pocket of the Regen
valve were interrogated at what was determined to b
similar location ~585 mm above the flat datum!. The
largest mRSS~2600 dyn/cm2) in the Regent™ hinge wa
measured at this elevation and is shown in Fig. 11
comparison with the corresponding MP™ hinge da
These results suggest that the highest levels of turbule
and/or unsteadiness in the hinge regions are generate
the backflow jet, in a confined region bounded by t
leaflet pivot and the flow lumen surface of the hin
recess. One possible explanation for the higher mR
levels in the MP™ hinge is the presence of the sh
corners and angled inflow and outflow ramps in its hin
recess. As a leakage jet flows through these ab
changes in geometry in the MP™ hinge, there is a str
likelihood of jet detachment and/or direct impact agai
the corner of the inflow ramp, both of which would lea
to the formation of stagnation sites and possible regi
of turbulence. Indeed, the lack of strong backflo
through the inflow pocket of the MP™ hinge allowed

FIGURE 8. 23 Regent™ mitral hinge inflow, outflow, and
thumbnail flow fields at peak diastole, 1 mm below flat.
e

e

,

t

e
in

t

FIGURE 9. „a… 23 Regent™ velocity profiles along centerline,
parallel to valve leaflets, aortic position. „b… 23 Regent™ ve-
locity profiles 6 mm above centerline, parallel to valve leaf-
lets, aortic position. „c… 23 Regent™ velocity profiles along
centerline, perpendicular to valve leaflets, aortic position.
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531St. Jude Medical® Hinge Flow Fields
rotating inflow structure to persist throughout the ent
cardiac cycle. In contrast, the streamlined, curved pro
of the SJM® Regent™ hinge recess provides a mo
gradual change in geometry. Correspondingly, a leak
jet flowing through the SJM® Regent™ hinge design i
more likely to follow the contour of the inside surfac
resulting in fewer regions of flow separation and turb
lence. As a result of the strong washout, the forwa
flow rotating inflow structure in the Regent™ hinge w
abolished by the backflow jet and did not persist beyo
the forward flow phase.

FIGURE 10. 23 Regent™ peak systolic velocity field, color
coded by mRSS, aortic position.

FIGURE 11. Temporal behavior of highest mRSS levels mea-
sured in Medtronic Parallel™ and St. Jude Medical ® Re-
gent™ hinge regions.
23 Regent™ Near-Field Forward Flow

The axial velocity profiles measured distal to th
valve were similar to those observed in LDV studi
distal to other bileaflet valves.4,14,16 The results of these
previous studies depict the central and lateral orifice
separated by a velocity defect created by the valve le
let. In these previous studies, however, the lateral a
central orifice jets were very similar in width in a direc
tion perpendicular to the valve leaflets. In this study, t
width of the lateral orifice jet was greater than the wid
of the central orifice jet in this direction. This increase
width of the lateral orifice jet relative to the centr
orifice jet is a result of design differences between the
Regent™ and previous bileaflet valves.

The difference in jet widths may explain the larg
velocities of the lateral orifice jet relative to those of th
central orifice jet. Viscous effects were more prevalent
the smaller central orifice of this valve than the relative
wide lateral orifice. The Reynolds number of the cent
orifice jet, calculated using the area-averaged veloc
during peak systole and the hydraulic diameter of
central orifice, was approximately 2000. However, t
Reynolds number of the lateral orifice jet, calculat
using corresponding values for the lateral orifice, w
approximately 7000. Since the Reynolds number is
measure of the ratio of inertial forces to viscous forc
the central orifice imposes more viscous resistance
flow than the lateral orifice. The increased resistance
flow of the central orifice may be responsible for th
relatively small velocity magnitudes and narrow width
the central orifice jet in a direction parallel to the valv
leaflet.

The largest shear rate found in this study was loc
ized along the edges of the lateral orifice jet. The ma
nitude of this shear rate was 1150 s21, corresponding to
a laminar shear stress of 36 dyn/cm2 in blood. Stresses
of this magnitude for short time periods have be
shown to have little effect on hemolysis and plate
activation in vitro.12,15 However, the mRSS levels in th
downstream near field were one to two orders of m
nitude higher than the laminar shear stresses. The
evated mRSS values distal to the mating surface of
leaflet and the housing are likely a result of the comp
geometry created by this intersection. The magnitudes
these mRSS levels are comparable to, but slightly l
than, the magnitudes of Reynolds stresses measured
tal to bileaflet valves in previous studies.4,12,16 Other re-
gions of elevated mRSS included the edges of the cen
and lateral orifice jets. This finding would be expecte
as turbulent eddies can efficiently extract energy fro
the mean flow in the presence of large velocity gradien
such as those representative of the jets in this stu
However, because the Regent™ valve offers an incre
in orifice area over previous valve designs of the sa
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532 ELLIS et al.
size and general design, there will likely be less kine
energy to dissipate through turbulence as blood elem
are accelerated in forward flow through the Regen
valve.

CONCLUSIONS

The LDV measurements conducted in the hinge a
near-field downstream regions of the SJM® Regent™
valve have provided a detailed depiction of the flo
patterns associated with this valve design. The ac
leaflet motion through the SJM® Regent™ hinge and its
streamlined hinge profile are important design featu
which should contribute to a low incidence of throm
boembolism with this valve design. However, as with
valves today, there are still areas which may be vuln
able to thrombus formation due to the local fluid m
chanics. These regions include~i! the thumbnail, where a
skewed forward flow jet bounded by two recirculatio
zones did not completely wash the expanse of
thumbnail; and ~ii ! the near-field region immediatel
downstream of the thumbnail, where flow separation a
secondary flows were observed. The interaction of
thumbnail flow and adjacent near-field flow are expec
to be critical in allowing for adequate convection
blood elements through the valve while preventing e
trapment and/or activation of these elements. Based
the results of these studies, we expect the SJM® Re-
gent™ series to perform at least as well as the SJ®

Standard series. The findings of these studies are
tended to be viewed as supplementary data which sh
be considered together with other performance crite
such as satisfactory and well-established structural d
bility and clinical histories.
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