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Abstract—Several studies have suggested that the mitral
annulus displacement and velocity in early diastole can be
used as indicators of diastolic performance. The peak
velocity of the mitral annulus away from the LV apex during
early diastole, which indicates the rate of longitudinal
expansion of the LV, is reduced in patients with impaired
diastolic relaxation. With the intention of relating the trans-
mitral flow to mitral annulus plane dynamics, we measured
mitral annulus recoil force for different valve sizes, while
applying an exponential pressure drop in a simplified model
of the ventricle. The temporal changes in diameter of the
valve during rapid filling phase were also considered. The
process of ventricular vortex formation was studied together
with the measurement of mitral annulus recoil force within
different pressure drop conditions. Matching the vorticity
contour plots with the recoil force measurements resulted in
the fact that the magnitude of recoil is maximal once the
vortex ring is about to pinch off, regardless of the valve size
or the characteristics of ventricular pressure drop. This study
showed that the mitral annulus recoil is maximal once occurs
at the vortex formation time ranging from 3.5 to 4.5. It was
also shown that the presence of leaflets would dissipate the
annulus recoil force.

Keywords—Vortex ring, Vortex formation time, Left ventri-

cle, Diastole, Mitral annulus recoil.

INTRODUCTION

Dynamics of mitral valve annulus during diastole is a
topic that has received much attention recently given its
important effects on valve performance in addition to its
close association with diastolic heart failure (HF). The
current literature strongly supports the dynamic motion
of the mitral annulus during diastole on the basis of the
extensive studies performed in both experimental ani-
mals and human subjects using roentgenogram marker

imaging,20,21 sonomicrometry,22 MR Imaging,36 and
echocardiography.45,46 The annulus motion is relative
to the ventricular apex and is a function of ventricular
chamber shape, the trans-mitral flow, the papillary
muscles and the chordate, respectively.

Several studies have suggested that the mitral
annulus displacement1,38 and velocity47,51,58 in early
diastole can be used as indicators of diastolic perfor-
mance.14,15,25,32 It has also been shown previously that
during the development of HF, normal pattern of left
ventricular (LV) filling would be altered due to the
diastolic dysfunction.2,10,42,43 This variation in trans-
mitral flow would be reflected in diastolic motion of the
mitral annulus measurable by Doppler tissue imaging
(DTI).41 The peak velocity of the mitral annulus away
from the LV apex during early diastole (EM)—which
indicates the rate of longitudinal LV expansion—is
reduced in patients with impaired diastolic relaxation.25

Several factors such as trans-mitral flow, ventricular
compliance and papillary muscles can influence the
mitral valve dynamics. The effect of trans-mitral flow
can be analyzed through studying the characteristics of
the trans-mitral vortex ring formed at early dias-
tole.5,30,53 Formation of a vortex ring due to the early
diastolic flow was initially recognized by in vitro visu-
alization of the trans-mitral flow4,48 and subsequently
confirmed by analyses based on color Doppler map-
ping34,56 and MR Imaging.33,35 The early trans-mitral
flow is considered a rapidly starting jet that forms a
vortex ring. The process of vortex ring formation is
described by the vortex formation time which is a non-
dimensional parameter18:

T� ¼
�U

D
Tp ð1Þ

where �U is the mean velocity of the jet, Tp is the pulse
duration, and D is the diameter of the nozzle. The
importance of this parameter lies in the fact that by
increasing it beyond a certain range (~3.5–4.5) for a
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starting jet, no additional energy or circulation enters
the leading vortex ring, and the remaining fluid in the
pulse ejects as a trailing jet.18 A recent study17 has sug-
gested that the vortex formation time can be used as an
additional index to differentiate the normal status from
the diastolic dysfunction. This study has shown that the
distribution of vortex formation time computed from
the fully open mitral valve in healthy volunteers con-
verges to a unique range of values between 3.5 and 5.0.
Meanwhile, this index is notably lower in patients
diagnosed with dilated cardiomyopathy (DCM).

Previously, computation of trans-mitral vortex for-
mation time was mostly based on size of the fully open
mitral valve,17 not considering the temporal changes in
effective valve opening diameter due to the leaflet
kinematics. In the present study, we correlate the trans-
mitral pressure drop in a simplified model of the left
ventricle, with the mitral annulus recoil through the
index of vortex formation time computed from the
early diastolic flow profile, and the mitral valve’s
leaflets kinematics.

The objective was to understand the dynamics of
mitral annulus and its pure correlation with trans-
mitral flow by avoiding the effects of other parameters
involved in the LV such as the muscle contraction,
tissue deformation, and blood viscosity. In a normal
ventricle, the mitral annulus motion is mainly a con-
sequence of compliance effect and passive stiffness of
myocardium. However, the compliant walls of the
ventricle would affect generation of a vortex ring along
with the trans-mitral jet, by dropping the LV pressure
(suction effect) during diastole,53 and would literally
interact with the formed vortex.3 As a result, we chose
to generate vortex ring using an exponential pressure
drop, mimicking the suction in the left ventricle57,62

while carefully avoiding the influence of other factors.

METHODS

The experimental setup was developed to imitate the
trans-mitral flow during early diastole due to the rapid
pressure drop in LV. In a normal heart, the mitral
valve opens due to the ventricular pressure drop
allowing the flow from atrium to ventricle. The ven-
tricle expands and the valve moves in an opposite
direction with respect to the flow. To be consistent
with cardiac physiology, in the present study, the LV
pressure drop in early diastole was forced to decay as
an exponential function with a pressure-drop time
constant (s)57 in physiologic range13,16,44,61 (2).

Experimental Setup Components

The experimental setup was composed of two
chambers partially filled with water; the nominal ven-

tricle was built as a Plexiglas chamber connected to a
suction pump (VSI SPS3891, Vivitro Systems Inc.) to
generate pressure drop, and the nominal atrium was a
cylindrical tube sitting inside the ventricular chamber
as shown in Fig. 1. Dimensions of the ventricular box
were 13 cm (width) by 13 cm (depth) by 20 cm
(height). However, only the lower 13 cm of the box
was filled with fluid (Fig. 1). The diameter of the atrial
tube was 7.5 cm. The base–apex distance was set to
9 cm similar to the LV base–apex distance according
to medical literature.49,52 The mitral annulus plane was
replicated as a flat plate with a circular orifice for
placement of a mitral bioprosthetics. Additionally, to
prevent the effect of mass transfer on annulus-plane
dynamics, a low flow resistant pneumatic check-valve
(R-702, Resenex Corp. Chatsworth, CA) was posi-
tioned on the ventricular chamber (Fig. 1). The mass
of fluid entering from the atrial tube pushed the trap-
ped air in the ventricular chamber to leave the box
through the check-valve avoiding the mass transfer
effect.

To reproduce the movement of the mitral annulus
during early diastole, the valve plane was allowed to
freely slide in the downstream end of the atrial tube
without friction (Fig. 1). Three L-shaped rods pre-
vented the plate from falling inside the ventricular
chamber (Fig. 1). The LV pressure drop was repro-
duced by a computer-controlled suction pump (Su-
perpump system VSI SPS3891, Vivitro Systems Inc.).
The considered range for pressure-drop time constant
was within the physiologic range13,16,61 and the volume
of ejected fluid at each cycle was set to 50 mL, which is
equivalent to the volume of blood transferred into a
normal human LV during early diastole.24

Both chambers and the sliding annulus plane were
made of Plexiglas to facilitate flow visualization and
motion detection of the annulus plane by high-speed
cameras. More details about the experimental appa-
ratus can be found in an earlier article.31

Carpentier-Edwards’ PERIMOUNT� biopros-
thetic heart valves (Edwards Lifesciences, Irvine, CA)
in different sizes (21, 23, 25, and 27 mm) were used to
mimic the mitral valve function. For each experiment,
the appropriate bioprosthetic valve was securely placed
within the annulus plane (Fig. 1).

Reproduction of Early Diastole

For each run, both atrial and ventricular chambers
were set to start from atmospheric pressure, approxi-
mately equal to the physiological pressure in the left
atrium prior to rapid filling phase.24 To reproduce the
sudden pressure drop, the suction pump generated a
rapid trans-mitral pressure difference. We used four
different sizes of heart valves to simulate different flow
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conditions. For all the considered cases, the pump was
set to displace a constant volume of fluid (50 mL)
while the pressure drop scheme and the initial water
height in the system were kept the same. The pressure
inside the ventricular chamber was measured by a
pressure monitoring system during the experiment
(Deltran DPT-400 pressure transducers, Utah Medical
Products, Inc, and VSI-TP8891 Vivitro Systems, Inc.).

For accuracy of measurement and to ensure that the
obtained results were reproducible and consistent with
each other, every set of experiment consisted of 20
consecutive cycles. For each single cycle, the LV
pressure was forced to decay as an exponential func-
tion in response to the applied suction:

P ¼ P0 exp
�t
s

� �
ð2Þ

where t was time, P0 was the initial pressure set to
atmospheric value, s were the pressure-drop time
constants and adjusted to 35 ± 5 and 20 ± 5 ms. The
duration of each cycle was set to 100 ms8,9,19 imitating
the duration of rapid filling phase of diastole (E wave).

Measurement Methods

The displacement of water level inside the atrial
tube, displacement of annulus plane, and the opening
area of the valve were measured with three synchro-
nized high-speed cameras (Photron FASTCAM-Ulti-
ma, PHOTRON USA, Inc. San Diego, CA) at 250
frames per second (fps). The water level velocity was
computed by finite difference based on measured

water-level data. Applying continuity and considering
a uniform profile for exit jet velocity over the valve
cross-section, trans-mitral flow rate was computed as:

dV

dt
¼ AðUAðtÞ �UVðtÞÞ ¼ SðtÞðUJðtÞ �UVðtÞÞ ð3Þ

where dV is the volume element of fluid going through
the valve, UJ(t) is the magnitude of trans-mitral instant
exit jet velocity (Fig. 2), UA(t) is the instant magnitude
of water-level velocity at the atrium (Fig. 2), UV(t) is
the instant magnitude of valve plane velocity (Fig. 2),
S(t) is the instant open cross-section area of the valve
measured from images captured by a high-speed
camera (Photron FASTCAM-Ultima), and A is the
constant cross sectional area of atrial chamber
(Table 1). Instantaneous exit jet velocity (UJ) was
computed from (3) as:

UJ ¼
A

S
UA þ 1� A

S

� �
UV ð4Þ

The movement of annulus plane monitored by a high-
speed camera (Photron FASTCAM-Ultima) was syn-
chronized with the water level velocity and valve’s
opening area. Mass of the fluid inside the atrial tube at
each instant of time was computed as:

q
Z VAðtÞ

V0

dVA ¼ q V0 �
p
4
D2

A x0 �
Z xðtÞ

x0

dx

 ! !
ð5Þ

where q is water density, dVA is the fluid volume ele-
ment, V0 is the initial volume of the fluid inside the
atrium, x0 is the initial position of atrial water level

FIGURE 1. Schematics of the experimental setup.
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with respect to the laboratory coordinate system prior
starting the experiment, x(t) is the instant position of
water level, and dx is the atrial water level displace-
ment element. Vortex formation time (T*) for tempo-

rally variable nozzle12 was computed from the
modified equation as:

T� ¼
Z t

0

UJðfÞ �UVðfÞ
DSðfÞ

df ð6Þ

where (UJ - UV) is the magnitude of relative instan-
taneous exit jet velocity, DS is the effective open valve
diameter, and t is the time.

Flow Visualization and Measurement

Theflowcharacteristic information (e.g., velocity and
vorticity fields)were captured byphase-averagedDigital
Particle Image Velocimetry (DPIV).60 DPIV uses two
digital images of a particle-seeded flow illuminated by a
thin laser sheet to determine the displacement field of the
particles in the field of view (samplingwindow) by cross-
correlating pixels in a subsection of two images. Flow
was seeded with neutrally buoyant, orange fluorescent
particles with the diameter in the range of 60–80 lm. A
high-resolution monochrome CCD digital camera
(30 fps, 768 · 480; TM-9701, PULNiX America, Inc.)
was positioned perpendicular to the ventricular cham-
ber to capture the image sequences of the particle seeded
flow field (Fig. 1). The pair of images were captured
from illuminated sheet of fluorescent particles generated
by a 25 mJ double pulsed Nd:YAG laser (Gemini, New
Wave Research, Inc., Fremont, CA) with the pulse
separation of 1 ms.

The duration of each pressure-drop cycle was set to
100 ms, as mentioned earlier. The CCD camera took
two pairs of images in each cycle. There were 20 con-
secutive cycles which were identical due to the same
applied pressure drop (s = 35 ± 5 or s = 20 ± 5).
The obtained DPIV data were phase-averaged over the
20 identical cycles. Therefore, a total of 40 velocity/
vorticity fields were captured for all time-points of the
rapid-filling phase. This temporal resolution gave us an
accurate estimate of the velocity and the vorticity fields
to compute circulation30 of the vortex ring and to
validate the exit jet velocity (UJ) obtained from a dif-
ferent experimental method (4). The CCD camera was
triggered simultaneously by the first cycle of the
experiment and was synchronized with the Photron
high-speed cameras. The laser sheet was set perpen-
dicular to the trans-mitral jet and cut through the
center of the mitral valve annulus. This configuration
allowed analysis of velocity and vorticity resulting
from the starting jet at the illuminated cross-section.

Control Volume Analysis

The momentum equation related to the setup was
derived by considering the control volume (X) equations
for the fluid inside the atrial tube andat trans-mitral area

FIGURE 2. Embedded control volume (X) of fluid inside the
atrial tube and at the trans-mitral position. Broken line shows
the embedded control volume. Black broken arrows show the
velocity vectors. UJ is the instantaneous trans-mitral jet
velocity vector, UV is the valve plane velocity vector, and UA is
the water-level velocity vector at the atrium. The negative sign
indicates the opposite direction of vectors with respect to the
reference positive direction. Forces are shown with long solid
vectors. Recoil force is the resultant of thrust and the pres-
sure forces. The positive direction is shown on the figure.

TABLE 1. Abbreviations and acronyms.

P Pressure at nozzle

P0 Initial pressure at ventricle

s Pressure-drop time constant

V Volume of fluid passes the valve

UJ Instantaneous exit jet velocity

UA Water-level velocity at the atrium

UV Valve (annulus) plane velocity

DJ Diameter of the jet

DA Atrial tube diameter

q Water density

VA Instantaneous volume of fluid in atrium

V0 Initial volume of fluid in atrium

X0 Initial position of water level in atrium

X Instantaneous position of water-level

T* Formation time

t Time

M Mass of the annulus plane plus atrial fluid

G Gravitational acceleration

aV Valve (annulus) plane acceleration

MAnnulus Mass of the annulus plane

PA Pressure at atrial tube

PV Pressure at the tip of the valve

A. KHERADVAR AND M. GHARIB



(Fig. 2). No-slip boundary condition was considered
adjacent to the atrial tube walls and adjacent to the
opening (or fully open) leaflets. Therefore, the water level
velocity vector (UA) at the top and the relative jet velocity
vector at the nozzle (UJ + UV) are the only non-zero
velocity vectors at the control volume’s boundaries
(Fig. 2). Flow was considered inertia dominant because
the Reynolds number for peak trans-mitral flow was
greater than 6000 at the tip of the valve. Therefore, shear
stress contribution to the momentum equation was ne-
glected. Assuming constant gravitational field (g) acting
on the control volume (X) with moving boundary, the
momentum equation would be described as:

@

@t
ðmUVÞ þ q

Z

@X

UJððUJ þUVÞnÞds

¼ mgþ
Z

@X

ðPV � PAÞnds
ð7Þ

where UJ is the instant exit jet velocity vector, UV is the
annulus plane velocity vector, PV is the pressure at the
tip of the valve, PA is the pressure at the atrial side of
the valve (Table 1), and m is the mass of the annulus
plane together with the instant mass of the atrial fluid:

mðtÞ ¼MAnnulus þ q
Z

X

dVAðtÞ ð8Þ

Based on the momentum Eq. (7), mitral annulus recoil
is described as

Frecoil ¼
@

@t
ðmUVÞ ¼ MAnnulus þ q

Z

X

dVA

0
@

1
AaV

þ q
@

@t

Z

X

dVA

0
@

1
AUV

ð9Þ

where av is the mitral valve acceleration vector. Thrust
generated by the trans-mitral flow is described from
momentum equation as:

Fthrust ¼ q
Z

@X

UJððUJ þUVÞnÞds ð10Þ

This study considereduniformprofile for the flowover
the annulus. The only external force that applied to the
surfaceof control volumewas theweightof annulusplane
in addition to the atrial fluid at each instant of time (7–8).

RESULTS

Trans-mitral Jet Velocity and Formation Time

The magnitude of trans-mitral jet velocity for each
valve was computed based on Eq. (4) and is shown

in Table 2 and Fig. 3. Formation time was computed
based on Eq. (6) using the relative instantaneous exit
jet velocity and its corresponding effective valve
diameter (Table 2). Formation time as a non-
dimensional measure of time made the comparison
between each experiment possible. Since the size of
the valves are different but the ejected volume is
constant, the duration of E-wave (early diastole) for
each case is different and the best way to compare
the measured parameters in temporal order is to plot
them as a function of formation time.

Once a physiologic pressure drop was applied
(s = 35 ± 5 ms), for D = 27 mm, velocity reached
its maximum (93.3 cm/s) at T* = 2.2 and the trans-
annulus flow ended at around T* = 4.1. For
D = 25 mm, trans-mitral jet reached its peak velocity
(120.6 cm/s) at T* = 2.7 and the flow ended prior to
T* = 4.6. For D = 23 mm, trans-mitral velocity
reached the peak (125.1 cm/s) at T* = 3.0 and the
trans-annulus flow ended at around T* = 5.4. Using
the smallest mitral valve (D = 21 mm), trans-annulus
jet velocity reached its maximum (129.4 cm/s) at
T* = 2.6 and the flow terminated around T* = 6.1
(Table 2 and Fig. 3a).

By applying a faster pressure drop
(s = 20 ± 5 ms), for D = 27 mm, velocity reached
its maximal value (89.1 cm/s) at T* = 2.0 and the
trans-annulus flow ended at around T* = 4.3. For
D = 25 mm, trans-mitral jet reached its peak velocity
(123.9 cm/s) at T* = 2.8 and the flow ended prior to
T* = 4.3. For D = 23 mm, trans-mitral velocity
reached the peak (125.5 cm/s) at T* = 2.8 and the
trans-annulus flow ended at around T* = 5.5. For
D = 21 mm, trans-annulus jet velocity reached its
maximum (147.4 cm/s) at T* = 2.8 and the flow ter-
minated around T* = 8.2 (Table 2 and Fig. 3b).

Trans-mitral Pressure

Pressure difference between the atrial tube and
ventricular chamber at the annulus (P) was measured
during pressure drop in each cycle. The trans-mitral
pressure normalized with the initial LV pressure (P0)
for each case plotted as function of formation time in
Fig. 4.

Mitral Annulus Velocity

Mitral annulus velocity for each valve was directly
measured from images taken by the high-speed camera
as mentioned in the Method section. By applying a
physiologic pressure drop (s = 35 ± 5 ms), for
D = 27 mm, mitral annulus velocity reached its peak
(9.5 cm/s) at T* = 3.6. For D = 25 mm, annulus
velocity reached its maximal value (9.8 cm/s) at
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T* = 4.5. For D = 23 mm, annulus velocity reached
the peak (4.0 cm/s) at T* = 5.4. For D = 21 mm,
mitral annulus velocity reached its maximum (5.0 cm/
s) at T* = 7.8 (Fig. 5a).

Applying a faster pressure drop (s = 20 ± 5 ms)
resulted in a maximal annulus velocity of 9.4 cm/s at
T* = 3.4 for D = 27 mm. The peak mitral annulus
velocity (10.1 cm/s) of the 25 mm valve was attained at

TABLE 2. Physical dimensions of the bioprosthetic mitral valves used for the experiments.

Mitral valve

size (mm)

Maximum effective

opening diameter (cm)

Maximum exit jet

velocity (cm/s) Maximum recoil force (dyne) T* for maximum recoil force

s = 20 ± 5 ms s = 35 ± 5 ms s = 20 ± 5 ms s = 35 ± 5 ms s = 20 ± 5 ms s = 35 ± 5 ms

27 2.79 89.1 93.3 7107 7191 3.30 3.50

25 2.27 123.9 120.6 8262 6660 4.10 4.50

23 2.11 125.5 125.1 2683 2434 5.30 5.40

21 1.98 147.4 129.4 3090 3134 7.80 7.70

Maximum effective opening diameter, magnitude of maximal exit jet velocity, maximal recoil force, and the formation time once the recoil force

occurred have been shown.

FIGURE 3. Early trans-mitral jet velocity (UJ - UV). (a) Shows trans-mitral jet velocity as function of formation time for different
valve sizes due to a pressure drop with the time constant of s = 35 ± 5 ms. (b) Trans-mitral jet velocity as function of formation time
for different valve sizes due to a pressure drop with the time constant of s = 20 ± 5 ms.

FIGURE 4. Trans-mitral pressure normalized with initial ventricular pressure. (a) Top: shows normalized pressure drop as
function of formation time for different valve sizes due to a pressure drop time constant of s = 35 ± 5 ms. (b) Shows normalized
pressure drop as function of formation time for different valve sizes due to a pressure drop time constant of s = 20 ± 5 ms.
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T* = 4.2. For D = 23 mm, annulus velocity reached
its maximal value (3.9 cm/s) at T* = 5.4 and for
D = 21 mm mitral annulus had its maximal value
(3.4 cm/s) at T* = 8.0 (Fig. 5b).

Correlation Between the Valve Size and the Annulus
Plane Dynamics

Valve plane acceleration was measured for all the
cases and the recoil force was computed from Eq.
(9). Recoil force was non-dimensionalized with
qSmaxU

2
Jmax

for each case; where q is the fluid density,
Smax is the maximum opening of each valve during
the trans-mitral flow, and UJmax is the maximal
trans-mitral jet velocity. Figures 6a and 6b compare
the effect of pressure drop time-constant on non-
dimensional averaged annulus plane recoil as a

function of formation time (T*). The magnitude of
peak jet velocity measured for each valve size is also
shown in Table 2.

Correlation Between the Pressure Drop and the Annulus
Plane Dynamics

To study the effect of pressure drop on the annulus
recoil, two pressure decay programs with different time
constants (s = 35 ± 5 ms and s = 20 ± 5 ms) were
applied to the atrio-ventricular apparatus. The pres-
sure drop scheme (Fig. 4) followed the same expo-
nential format as mentioned earlier (2). Formation
time and the mitral annulus recoil force were computed
as stated in Eqs. (3)–(9). Comparative plots of aver-
aged recoil as a function of formation time (T*) for all
the valves are depicted in Fig. 7. The negative recoil

FIGURE 5. Mitral annulus velocity (Em). (a) Shows annulus velocity as function of formation time for different valve sizes due to a
pressure drop with the time constant of s = 35 ± 5 ms. (b) Annulus velocity as function of formation time for different valve sizes
due to a pressure drop with the time constant of s = 20 ± 5 ms.

FIGURE 6. Averaged normalized annulus recoil force. (a) Shows non-dimensional annulus recoil force as function of formation
time for different valve sizes due to a pressure drop with the time constant of s = 35 ± 5 ms. (b) Non-dimensional annulus recoil
force as function of formation time for different valve sizes due to a pressure drop with the time constant of s = 20 ± 5 ms.
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represents the change in direction of the recoil force
applied to the annulus once the valve reaches its
maximal distance from the original position of the
plane (sitting on the L-shaped bars).

For the valve size 21 mm, variation in pressure-
drop time constant did not induce a significant change
in the magnitude or at the onset of the maximal recoil
(Table 2 and Fig. 7a). Variation of pressure-drop
time-constant using a 23 mm mitral valve resulted in a
change in magnitude of recoil force (Table 2), but no
significant change at the peak incident (Table 2 and
Fig. 7b). However, both magnitude and incident of
the peak recoil remarkably changed in response to a
pressure drop variation once a 25 mm valve were
positioned at mitral place (Table 2 and Fig. 7c). For
the 27 mm valve, change in pressure drop time-con-
stant resulted in a delay at the non-dimensional inci-
dent of the recoil peak while the magnitude of the
peak did not change considerably (Table 2 and
Fig. 7d).

Correlation Between Vortex Formation and the Annulus
Plane Dynamics

The vorticity field for each case was obtained
from DPIV measurements during trans-mitral flow.

Figures 8 and 9 depict the vorticity fields captured
simultaneously with the peak annulus recoil due to the
LV pressure drop.

Figure 8 shows the vorticity field captured at the
maximal recoil force after applying a pressure drop
with the time constant of s = 35 ± 5 ms. Figures 8a
and 8b depict the vorticity field for valve sizes 21 mm
and 23 mm, respectively, superimposed over its corre-
sponding particle-seeded flow field once the recoil
reached its maximal value. The vorticity fields shown
in both subfigures demonstrate the leading vortex ring
has pinched off from its generating jet and a significant
trailing jet has appeared. Figure 8c shows the vorticity
contour plot immediately after completion of the
pinch-off process from a 25 mm valve. Figure 8d
shows an isolated vortex ring ejected from a 27 mm
valve. As it appears, the vortex ring has not yet pin-
ched off from its generating jet.

Vorticity field obtained concurrent with the peak
recoil followed by applying a faster pressure drop
(s = 20 ± 5 ms) are shown in Fig. 9. The pinched off
leading vortex ring and a considerable trailing jet is
captured for the valve sizes 21 mm and 23 mm
(Figs. 9a and 9b, respectively). Figure 9c shows a
newly pinched-off vortex ring from a 25 mm valve.
The vortex ring appears to be in an earlier formation

FIGURE 7. Comparison of non-dimensional annulus plane recoil force for different pressure drop programs (s = 35 ± 5 ms versus
s = 20 ± 5 ms). (a) D = 21 mm; (b) D = 23 mm; (c) D = 25 mm; and (d) D = 27 mm.
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stage than in Fig. 8c. Figure 9d shows a growing
vortex ring ejected from a 27 mm valve.

DISCUSSION

The general motivation for this study was to assess
the pure effects of atrio-ventricular flow field on the
mitral valve dynamics. Based on previous studies, it
has been shown that the variation in trans-mitral flow
would be reflected in diastolic motion of the mitral
annulus.41 Moreover, the fact that the LV acts as a
suction pump during diastole has been confirmed by a
number of earlier studies.6,27,37 Performance of this
suction pump depends on several parameters such as
chamber compliance, atrio-ventricular pressure gradi-
ent, operation and the size of the mitral valve, and the
proper propagation of the contraction waves which
makes the comprehensive ventricular assessment
tricky. On the other hand, diastolic dysfunction is a
pathological condition that regardless of its origin,

eventually gives rise to a mechanically dysfunctional
suction pump incapable of receiving adequate volume
of blood during filling phases. As a result, quantitative
assessment of the trans-mitral jet and mitral valve
dynamics which are strongly correlated with the per-
formance of the suction pump can lead us to a more
accurate evaluation of LV during diastole.

The critical role of vortex ring formation rests on
the relative contribution of the leading vortex ring and
the trailing jet (which appears after pinch-off) to the
thrust supplied to the flow.39 In a recent paper,31 we
measured the average recoil exerted on an annulus
plane during rapid filling phase as a function of for-
mation time (1), and showed that it would be maximal
when the formation time reaches around the value of 4.
This condition was achieved only by implementing
physiologic values for the annulus diameter (without
leaflets) and LV pressure drop to experimentally model
the rapid filling phase. However, kinematics of the
heart valve’s leaflets as they open and close during
diastole seem to interact with the process of vortex ring

FIGURE 8. Vorticity contour plots computed from DPIV measurements during trans-mitral flow for each valve size when pressure
decay time constant is assigned to s = 35 ± 5 ms. (a) D = 21 mm; (b) D = 23 mm; (c) D = 25 mm; and (d) D = 27 mm.
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formation, thus complicating the response of the mitral
annulus to the pressure drop. In the present work, we
considered the interaction of trans-mitral jet with the
leaflets.

In an intact heart, motion of the mitral annulus
during the rapid filling phase represents the recoil
force applied to the base of the heart. This motion is
the consequence of interrelated changes in several
parameters including LV volume status,11 left atrial
pressure,40 atrioventricular flow,51 mitral annulus
shape,28,50 and the rate of myocardial relaxation.1 All
these factors can also affect the LV flow structure. In
the present study, we recapitulated the involved fac-
tors within the index of vortex formation time to
quantify the mitral annulus recoil force based on that.
We followed the process of vortex ring formation due
to the LV pressure drop—as a sign of myocardial
relaxation—in different flow conditions. We also
substitute the myocardial relaxation effect with the
LV pressure drop; bioprosthetic valves were used in
mitral position and the left atrial pressure and the

ejected volume were chosen similar to physiologic
state.

Comparing the status of the forming vortex ring
with the non-dimensional instant of maximum recoil in
case of s = 35 ± 5 ms (Fig. 8), it can be observed
that for valve sizes 21 mm and 23 mm, the ring has
pinched off before the recoil reaches its peak value,
denoting that the momentum has been mostly trans-
ferred through the remaining trailing jets. However, in
mitral valves with larger diameter, the vorticity field
(Fig. 8) indicates that the vortex ring is still forming
(D = 27 mm) or the ring has just pinched off
(D = 25 mm) at the time the maximal recoil is
achieved. Considering the magnitude of the recoil
force, it can be observed that the maximal recoil, as
well as the maximal annulus velocity, is generated over
the valve once the vortex ring pinches off. By
increasing the rate of pressure drop (s = 20 ± 5), the
peak recoil occurred at an earlier formation time for
larger valve diameters (25 mm and 27 mm) and the
magnitude of the peak has also changed (Fig. 6b). On

FIGURE 9. Vorticity contour plots computed from DPIV measurements during trans-mitral flow for each valve size when pressure
decay time constant is assigned to s = 20 ± 5 ms. (a) D = 21 mm; (b) D = 23 mm; (c) D = 25 mm; and (d) D = 27 mm.

A. KHERADVAR AND M. GHARIB



the basis of the vorticity contour plots for different
pressure drop cases (Figs. 8c, 8d, 9c, and 9d), it can be
inferred that the non-dimensional recoil would be
maximal once the vortex ring is about to pinch off,
regardless of the valve size or the pressure-drop time
constant. This is also true for the mitral annulus
velocity which is correlated with the recoil.

By placing smaller valves (21 mm and 23 mm) in
mitral position, the magnitude of the recoil did not
show any significant change once the rate of the pres-
sure drop increased (Figs. 7a and 7b). The explanation
for this phenomenon lies within the fact that in these
cases, the momentum is mostly transferred by trailing
jets rather than the vortex ring. Since the final size of
the vortex ring is relatively small, its contribution to
the momentum transfer is less than the trailing jet, and
therefore, the onset of vortex ring pinch off does not
affect the magnitude of annulus velocity and the recoil
force, respectively.

Plotting the magnitude of peak recoil versus for-
mation time for all the studied cases (Fig. 10) show
that the recoil is maximal when occurs at the formation
time ranging from 3.5 to 4.5. This range is congruent
with the optimum range of formation time previously
reported in the literature.17,18,31,39

In this study, we confirm that the recoil generated
by pulsatile trans-mitral jet is a significant contributing
factor in mitral annulus dynamics and annulus velo-
city, respectively. Other conditions such as altered LV
geometry, impaired relaxation and/or viscose defor-
mations can also affect the mitral annulus recoil by
affecting the trans-mitral pressure gradient. It should
also be noted that the parameters such as compliance

effect and mitral valve saddle shape are also responsi-
ble for annulus dynamics which we did not consider
them in this study.

The Role of Leaflets in Dissipation of the Annulus Plane
Recoil

In an earlier study,31 we used a similar experimental
setup to replicate the diastolic rapid filling phase due to
an exponential pressure drop (s = 35 ± 5 ms), by
means of an annulus without leaflets. The recoil force
(Frecoil) was computed based on momentum equation
for three different sizes of annulus (17.5 mm, 25 mm,
and 30 mm). The recoil force was correlated with the
vortex formation, implying that the maximal recoil
achieved when the vortex ring was pinched off.

In the present study, we found that the magnitude of
mitral annulus recoil is remarkably lower than the
magnitude of recoil in an annulus without leaflets, even
if the same pressure drop scheme is applied. In Fig. 10,
the recoil force is linearly regressed to formation time,
and its magnitude is compared in three different cases
of no-leaflet (s = 35 ± 5 ms), with leaflet
(s = 35 ± 5 ms), and with leaflet (s = 20 ± 5 ms).
This reduction in magnitude of recoil force is partic-
ularly evident in the case of D = 25 mm which exists
in all three groups of experiment (Fig. 10). The for-
mation time range at which the maximal recoil oc-
curred did not change considerably with respect to
existence of the leaflets.

Considering the remarkable lower recoil force in
presence of leaflets, it can be concluded that the exis-
tence of leaflets would dissipate the recoil force. This

FIGURE 10. Maximal recoil force magnitude versus formation time. The gray band shows the range of formation time that the
maximal magnitude of recoil force has occurred at, in each set of experiment. ‘‘ ’’ is related to no-leaflet experiment from previous
study; ‘‘ ’’ is related to recoil for annulus with leaflets when the pressure scheme has a s = 35 ± 5 ms, and ‘‘ ’’ is related to recoil
for annulus with leaflets when the pressure scheme has a s = 20 ± 5 ms. Goodness of the fits are shown by R-squared.
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damping effect might be explained by the birth of
three-dimensionality in the jet resulted from changes in
orifice eccentricity because of presence of the leaflets.
Based on the results of a numerical simulation, Bolzon
et al.5 suggested that finite changes in orifice eccen-
tricity would generate a fully three-dimensional vortex
wake that evolves quite differently from the one
developed under an axisymmetric condition. Based on
their theory, the resulted diastolic vortex ring deviates
from quasi-axisymmetric geometry due to the leaflet
interaction, and in fact, deforms progressively due to
self-induced motion. Accordingly, there would be vis-
cous reconnection of the wake vortex lines that are
adjacent to the wall with the boundary layer vortex
lines as the early phase of wake dissipation.

It should also be mentioned that most patients with
early diastolic failure still have the native bicuspid
mitral valve as opposed to the bioprosthesis and hence
the shape of the valve and the leaflet geometry might
have a significant influence on the nature of the vor-
tical flow particularly with regard to the stability of the
vortex ring and the damping effect.

Validation of the Results with In Vivo Measurements

Given that the non-invasive measurement of mitral
annulus recoil is difficult, the clinical approach for
assessment of mitral annulus dynamics is to measure
the peak annulus velocity by Doppler tissue imaging
(DTI). The mean peak early diastolic mitral annulus
velocity in normal cases has been reported as
10.0 ± 1.3,51 13.0 ± 1.6,54 and 11.0 ± 2.6 cm/s59 in
independent studies. The same velocity has been shown
being progressively declined in pseudonormal/restric-
tive groups (5.3 ± 1.2,51 6.6 ± 1.9,54 and
8.9 ± 3.5 cm/s59) measured by clinicians. In our in
vitro study, the magnitude of peak mitral annulus
velocity for larger valves (D = 27 mm and
D = 25 mm) was 10.23 ± 1.16 cm/s, and for smaller
valves (D = 23 mm and D = 21 mm) was
4.10 ± 0.66 cm/s (Fig. 5). The resulted numbers are
comparable with the clinically measured velocities.

The reason that the annulus velocity (Fig. 5), in
average, is higher in 25 mm and 27 mm valves than
21 mm and 23 mm valves is the correlation of the
annulus velocity with the mitral valve recoil force.
Therefore, the magnitude of the mitral annulus velo-
city would be maximal in the same manner the recoil
force maximizes once the vortex ring is about to pinch
off, regardless of the valve size or the pressure-drop
time constant. The explanation for lower annulus
velocity in 23 mm and 21 mm lies within the fact that
in these cases, the momentum is mostly transferred by
trailing jets rather than the vortex ring. Since the final
size of the vortex ring is relatively small, its contribu-

tion to the momentum transfer is less than the trailing
jet, and therefore, the onset of vortex ring pinch-off
does not affect the magnitude of annulus velocity and
the recoil force.

The trans-mitral pressure drop during isovolumic
relaxation phase followed by early LV filling in a
normal left ventricle is an exponential curve which
results in a faster pressure drop at the beginning (iso-
volumic relaxation) and a slower drop while the mitral
valve is open and the ventricular volume is increas-
ing.29,55 In the present study, the pressure drop expo-
nential functions were set to generate physiologic
forms of filling dynamic55,62 which are comparable
with the LV function (Figs. 3 and 4). This type of
pressure drop resulted in opening the valve placed in
the mitral position and generated an early trans-mitral
flow similar to an E-wave. The normal range of trans-
mitral jet velocity (E-wave) measured by ultrasound is
82 ± 21 cm/s.7,26 The trans-mitral velocity (E-wave)
can peak above 120 cm/s in severe diastolic dysfunc-
tion (restrictive pattern).23 In our study, peak trans-
mitral velocity for larger diameter valves (D = 27 mm
and D = 25 mm) was 106.7 ± 18.0 cm/s, and for
smaller valves (D = 23 mm and D = 21 mm) was
131.8 ± 10.5 cm/s, depending on the rate of pressure
drop (Table 2). The early trans-mitral velocities for all
of the valves are provided in Fig. 3.

CONCLUSION

The present in vitro study confirms the presence of a
vortex ring in early diastole and implies that the pro-
cess of vortex ring formation can influence the mitral
annulus dynamics. We also found that mitral valve
recoil is maximal once the vortex ring is about to pinch
off, regardless of the valve size or the characteristics of
ventricular pressure drop. Additionally, interaction of
the valve leaflets with the forming vortex ring can
dissipate the mitral recoil force. In summary, this study
supports the hypothesis that vortex ring formation can
be used as an index for assessment of ventricular
function during diastole.

LIMITATIONS

In this study, we did not use a viscous fluid with
similar rheological properties as blood. The reason for
that was to minimize the effects of viscosity and dis-
sipation on vortex ring formation. Additionally, since
the mechanical model we used had different physical
properties from myocardium, choosing the conven-
tional blood analogs might not result in a flow condi-
tion equivalent to the left heart due to the different
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forms of wall–fluid interactions. However, in reality
blood viscosity would affect the mitral annulus
dynamics and the process of trans-mitral vortex ring
formation by increasing the dissipation. The chamber
shape we used was different from the shape of the left
ventricle. In spite of this, we tried to preserve the base–
apex dimensions similar to the left ventricle as well as
maintaining the compliance effect by induction of
appropriate pressure drop.

In an intact heart, mitral annulus is an integral part
of dense tissue covering the mitral valve and parts of
the atrial and ventricular chambers. The oval shape
and the bi-leaflet structure of the native mitral valve
would also affect the stability and the symmetry of the
generated vortex ring. However, the extent of the
influence of this asymmetry on the process of vortex
ring formation has not been investigated here. More-
over, the native mitral annulus is not planar, but in-
stead forms a three-dimensional saddle shape. While
we expect that the mitral annulus geometrical shape-
change would affect the diastolic vortex ring, this
phenomenon was not a focus of the present study.
Another limitation of this study was using a phase
averaged DPIV technique for flow measurements
which slightly increased the error due to the fast nature
of the experiments. Works are in progress to use con-
tinuous laser for illumination and high-speed cameras
for stereo-PIV to obtain more accurate results.

APPENDIX

Clinical Measurement of Formation Time

Vortex formation time (T*) can be acquired from
echocardiography based on non-invasive measure-
ment of the velocity time integral (VTI) resulted
from trans-mitral inflow (Fig. A1) during E-wave

(uE) and the time-averaged diameter of the mitral
valve ( �D):

T � ¼
R
uE
�D

dt �
�UE

�D
TE

The length of the jet is an equivalent of velocity time
integral (area under E-wave) and diameter of the jet is
the corresponding diameter of the open mitral valve.
Formation time is the ratio of length of the jet over its
diameter.
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