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This paper provides a comprehensive overview of 3D transesophageal echocardiography still images and movies of mechanical mitral valves, mitral bioprostheses, and mitral valve repairs. Alongside these visual descriptions, the historical overview of
surgical and percutaneous mitral valve intervention is described with the special emphasis on the incremental value of 3D transesophageal echocardiography (3DTEE).
For each mitral valve intervention, 2D echocardiography, chest x-ray, and fluoroscopy
images corresponding to 3DTEE are given. In addition, key references on echocardiographic imaging of individual valves and procedures are enumerated in accompanying
figures and tables.
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1 | HISTORICAL OVERVIEW

transesophageal echocardiography (3DTEE) probe has 3000 imaging
elements. With this new probe technology, real time 3D echocardio-

The creation of the first successful heart–lung machine in the 1950s

graphic imaging became feasible for the first time. Key references on

revolutionized the field of cardiac surgery, allowing orthotopic replace-

echocardiographic imaging of individual valves and procedures are

ment of diseased heart valves.1 Thereafter, the field rapidly progressed

provided in Table 2.

from the advent of mechanical and bioprosthetic valves to surgical mitral

Real time 3DTEE is capable of producing exceptional views of the

valve repair ultimately leading to modern techniques of percutaneous

mitral leaflets, annulus, and subvalvular structures including the novel en

mitral valve repair. The collaboration of surgeons and engineers made

face views of the mitral valve from both the atrial and ventricular perspec-

these advancements possible and is reflected in the naming convention

tives.2 This quality allows 3DTEE to be used to diagnose mitral valve pa-

of many prosthetic valves (as in Starr–Edwards and Björk–Shiley valve

thology, guide surgical intervention, and identify potential complications,

where the former name refers to the cardiac surgeon and the latter

such as paravalvular or para-annular leaks, with unprecedented clarity.3

refers to the engineer). Historical time line is outlined in Table 1.

Native mitral valves, mitral bioprostheses, and repair can easily
be visualized from both left atrial and left ventricular perspectives.

2 | 3DTEE IMAGING OF NATIVE AND
PROSTHETIC MITRAL VALVES

Imaging of mechanical mitral prostheses is best accomplished from the
left atrial perspective as left ventricular aspects of mechanical prostheses are often obscured by reverberation and shadowing artifacts.
3DTEE images of the mitral valve in this manuscript are dis-

The field of 3D echocardiography was revolutionized in the past

played primarily from the left atrial perspective in the so-called

decade with the introduction of novel matrix array transducers. The

“surgical” view. In this view, the mitral valve is in the center of

standard two-dimensional transesophageal echocardiography probe

the image resembling a clock face; the aortic valve is seen at 12

typically has 64 imaging elements, whereas the three-dimensional

o’clock, the left atrial appendage at 9 o’clock, and the interatrial

Echocardiography. 2017;34:1687–1701.
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TABLE 1
repairs
Year

a

JAFAR et al

Historical development of major prosthetic valves and

septum at 3 o’clock. It is important to emphasize that this view
differs from the true anatomic view of the mitral valve, as depicted
in Figure 1.

Category

Valve or repair type

1960

Mechanical valve

Starr–Edwards ball-in-cage

1969

Mechanical valve

Björk–-Shiley single-tilting disk

1971

Valve repair

Annuloplasty ring

1975

Bioprosthetic valve

Carpentier–Edwards porcine

1977

Mechanical valve

Medtronic-Hall single-tilting disk

Radiographic imaging (such as chest x-ray and chest computed to-

1977

Mechanical valve

St. Jude Medical bi-leaflet-tilting
disk

mography) plays an important role in evaluating the appearance of

1978

Mechanical valve

Omniscience single-tilting disk

cardiography. The radiopaque nature of the occluders, sewing rings,

1983

Valve repair

“French correction”

and other components of prosthetic valves and valve repairs allows

1984

Bioprosthetic valve

Carpentier–Edwards pericardial

for visualization with relative clarity and ease. Typically, based on the

1986

Mechanical valve

CarboMedics bi-leaflet-tilting disk

radiographic appearance, one can deduce the type and location of a

1995

Valve repair

Partial annuloplasty ring

prosthetic valve or valve repair. In addition to its general clinical utility,

2001

Valve repair

Edge-to-edge repair (Alfieri stitch)

such information is of particular value in the emerging field of percuta-

2013

Valve repair

MitraClip

neous valve-in-valve procedures.

2000s

Valve-in-valve

TAVR valves within failed mitral
bioprostheses

mains the preferred modality to visualize the mobility of mechanical

a

Refers to year when first commercially available in the United States.

TABLE 2

3 | RADIOGRAPHY AND FLUOROSCOPY
OF PROSTHETIC VALVES

prosthetic valves and complements the information obtained by echo-

Fluoroscopy is an easy and readily available technique that reprosthetic valve occluders in real time. It also allows for measurement
of the opening and closing angles of the mechanical prosthetic valve

Key references on echocardiographic imaging of valve prostheses and repairs

Prosthesis/repair

Article

Starr–Edwards
mechanical prosthesis

Alton ME, Pasierski TJ, Orsinelli DA, Eaton GM, Pearson AC. Comparison of transthoracic and transesophageal
echocardiography in evaluation of 47 Starr-Edwards prosthetic valves. J Am Coll Cardiol. 1992;20:1503–1511.

Björk–Shiley mechanical
prosthesis

Taams MA, Gussenhoven EJ, Cahalan MK, Roelandt JR, van Herwerden LA, The HK, Bom N, de John N. Transesophageal
Doppler color flow imaging in the detection of native and Björk-Shiley mitral valve regurgitation. J Am Coll Cardiol.
1989;13:95–99.

Medtronic-Hall
mechanical prosthesis

Bernstein O, Haddy S. Three-dimensional echocardiography of a Medtronic Hall-type tilting disk valve. Echocardiography.
2012;29:E129–130.

St. Jude Medical
mechanical prosthesis

Lange HW, Olson JD, Pedersen WR, Kane MA, Daniel JA, Mooney MR, Goldenberg IF. Transesophageal color Doppler
echocardiography of the normal St. Jude Medical mitral valve prosthesis. Am Heart J. 1991;122:489–494.
Stoddard MF, Dawkins PR, Longaker RA. Mobile strands are frequently attached to the St. Jude Medical mitral valve
prosthesis as assessed by two-dimensional transesophageal echocardiography. Am Heart J. 1992;124:671–674.

Omniscience mechanical
prosthesis

Mikhail A. A hemodynamic comparison of Omniscience and Medtronic Hall aortic prostheses. J Heart Valve Dis. 1996;
5:675–677.

CarboMedics mechanical prosthesis

Chambers J, Cross J, Deverall P, Sowton E. Echocardiographic description of the CarboMedics bileaflet prosthetic heart
valve. J Am Coll Cardiol. 1993;21:398–405.

Bioprosthetic valves

Alam M, Serwin JB, Rosman HS, Polanco GA, Sun I, Silverman NA. Transesophageal echocardiographic features of
normal and dysfunctioning bioprosthetic valves. Am Heart J. 1991;121(4 Pt 1):1149–1155.
Daniel WG, Mugge A, Grote J, Hausmann D, Nikutta P, Laas J, Lichtlen PR, Martin RP. Comparison of transthoracic and
transesophageal echocardiography for detection of abnormalities of prosthetic and bioprosthetic valves in the mitral
and aortic positions. Am J Cardiol. 1993;71:210–215.

Annuloplasty

Kronzon I, Sugeng L, Perk G, Hirsh D, Weinert L, Garcia Fernandez MA, Lang RM. Real-time 3-dimensional transesophageal echocardiography in the evaluation of post-operative mitral annuloplasty ring and prosthetic valve dehiscence. J
Am Coll Cardiol. 2009;53:1543–1547.
Maslow A, Mahmood F, Poppas A, Singh A. Three-dimensional echocardiographic assessment of the repaired mitral
valve. J Cardiothorac Vasc Anesth. 2014;28:11–17.

Nonresectional valve
repair

Faletra FF, Pedrazzini G, Pasotti E, Petrova I, Drasutiene A, Dequarti MC, Muzzarelli S, Moccetti T. Role of real-time
three dimensional transesophageal echocardiography as guidance imaging modality during catheter based edge-to-edge
mitral valve repair. Heart. 2013;99:1204–1215.
Rankin JS, Gaca JG, Brunsting LA 3rd, Daneshmand MA, Milano CA, Glower DD, Smith PK. Increasing mitral valve
repair rates with nonresectional techniques. Innovations (Phila). 2011;6:209–220.
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F I G U R E 1 Surgical vs anatomic view of
mitral valve. The left atrial perspective of
the native mitral valve in the surgical view
(A) vs the true anatomic view (B)

leaflets which are defined as the distance between the two leaflets in

market and continues to be implanted as a cost-effective option for

the fully open and closed position, respectively. Assessment of these

surgical valve replacement.10

angles provides a means to establish the normality of prosthesis func-

The Starr–Edwards valve is depicted in Figure 3 and Movies S1A,B.

tion; deviations from normal angle values may indicate obstructions
or mechanical failure. We provide the numeric values for opening and
closing angles in this manuscript for single-leaflet and bi-leaflet mechanical prostheses in Table 3.

4.2 | Björk–Shiley tilting disk mechanical prosthesis
Following the development of the Starr–Edwards valve, multiple

An algorithm for imaging of mitral prosthetic valves and repairs is
provided in Figure 2.

single-tilting disk valves were introduced. One of the first commercially successful tilting disk valves was the Björk–Shiley valve, invented by the Swedish cardiac surgeon Viking Björk and the American
engineer Donald Shiley.11,12

4 | MECHANICAL VALVES

Introduced in 1969, the Björk–Shiley mechanical prosthetic valve
is composed of a single-tilting disk that is held in place by an inlet strut

4.1 | Starr–Edwards ball-in-cage mechanical
prosthesis

and an outlet strut.6 The Björk–Shiley has been revised several times
from its initial design to reduce thrombogenicity and improve hemo-

In the fall of 1957, Dr. Albert Starr was a young cardiac surgeon at

dynamics. Typically, the disk is 1 mm thick with a graphite core sur-

the University of Oregon Medical School when he met Miles Lowell

rounded by low-temperature isotropic carbon or pyrolytic carbon.13

Edwards, a retired engineer. Their work led to the development of a

The opening angle of the tilting disk ranges from 60 to 70° in different

ball-in-cage mechanical prosthesis, based on the design of an 1858

models with a closing angle of 0°. The backflow of two holosystolic

bottle stopper.1 This valve was implanted in the first human patient

jets through a small space between the disk and housing is necessary

in August 1960.4

for normal disk closure.14

After various design adjustments, the 6120 mitral valve model was

In 1986, after several hundred valves with a so-called convexo–

established in 1965.5 This mitral model consists of a four-strut cobalt-

concave design fractured resulting in disk embolization, the Food and

chromium stellite alloy cage and a barium-impregnated silastic ball. In

Drug Administration (FDA) recalled the Björk–Shiley valve.15 Although

contrast, the aortic valve version has three struts.6

the valve is no longer implanted, one should be familiar with its ap-

Flow through the Starr–Edwards valve first converges as it passes
through the sewing ring and then deviates in a circumferential manner as it passes around the periphery of the ball-shaped occluder. The

pearance and function as patients with this prosthesis may still be encountered in clinical practice.
The Björk–Shiley valve is depicted in Figure 4 and Movies S2A,B.

Starr–Edwards valve has a smaller effective orifice area and higher
transvalvular gradients as compared to more modern mechanical prostheses due to relatively inefficient flow around the ball.7 Retrograde

4.3 | Medtronic-Hall single-tilting disk prosthesis

flow in early systole is necessary for normal valve closure with a char-

Norwegian cardiac surgeon Karl Victor Hall worked with the engineer

acteristic color Doppler pattern.8

Robert Kaster to design a single-tilting disk valve that served as the

The Starr–Edwards valve has a relatively high thrombogenic poten9

blueprint for the Medtronic-Hall prosthesis.6 This mechanical pros-

tial, which requires vigilant and aggressive anticoagulation. Despite

thesis is composed of a Teflon sewing ring that surrounds radiopaque

these problems, the Starr–Edwards mechanical valve remains on the

titanium housing and a radiolucent carbon-coated disk. The disk is

Not applicable

60–70

70

85

78

Bjork–Shiley tilting disk

Medtronic-Hall tilting
disk

St. Jude Medical
bi-leaflet

CarboMedics bi-leaflet

Opening angle
degrees

25

25–30

0

0

Not applicable

Closing angle
degrees

Normal values for mechanical mitral prosthetic valves

Starr–Edwards caged
ball

Valve type

TABLE 3

11.5 ± 4.2

7.83 ± 2.93
6±3

29
31

8.79 ± 3.46
8.78 ± 2.9
8.87 ± 2.34
8.8 ± 2.2

27
29
31
33

4.8 ± 2.5

3.32 ± 0.87

3.39 ± 0.97

1.5 ± 0.2

1.61 ± 0.29

1.52 ± 0.3

1.61 ± 0.3

1.3 ± 0.1
3.46 ± 1.03

1.9 ± 0.1
3.6 ± 0.6

1.59 ± 0.33

1.57 ± 0.29

10.3 ± 2.3

4.46 ± 2.22

4.15 ± 1.8

23

12 ± 6

31

1.61 ± 0.29

1.34 ± 1.12

25

10 ± 3

29

5 ± 1.82

2.5 ± 1
11 ± 4

27

25

1.5

1.45 ± 0.12

31
4

1.57 ± 0.1

23

1.4

27

1.41 ± 0.26

1.37 ± 0.25

29

2 ± 1.9

2.83 ± 1.27

1.6 ± 0.49

1.75 ± 0.38

5±2

10 ± 4

27

6±2

12 ± 4

25

1.7 ± 0.3

1.7 ± 0.3

1.7

5

5.08 ± 2.5

6.99 ± 2.5

Peak velocity
m/s

23

34

12.2 ± 4.6

32

7 ± 2.75

30

10

Mean gradient
mm Hg

28

Peak gradient
mm Hg

26

Valve size
mm

93 ± 12

92 ± 24

88 ± 17

89 ± 20

93 ± 8

126 ± 7

74 ± 13

85 ± 10

75 ± 10

75 ± 4

160

77 ± 17

69 ± 15

78

70 ± 14

79 ± 17

89 ± 28

99 ± 27

115

110 ± 25

125 ± 25

Pressure Half-time
ms

2.8 ± 1.14

2.3 ± 0.4

2.9 ± 0.75

2.9 ± 0.8

2.03 ± 0.32

1.75 ± 0.24

1.67 ± 0.17

1.35 ± 0.17

1

2.2 ± 0.3

2.1 ± 0.43

1.81 ± 0.54

1.72 ± 0.6

2.6

1.98 ± 0.4

1.65 ± 0.4

1.9 ± 0.57

1.4

Effective orifice area
cm2
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F I G U R E 2 Imaging algorithm for
mitral prosthetic valves. CT = computed
tomography; TEE = transesophageal
echocardiogram; TTE = transthoracic
echocardiogram

F I G U R E 3 Starr–Edwards mechanical
valve. A. Photograph of Starr–Edwards
mitral valve prosthesis. Reprinted by
permission from Edwards LifeSciences.
B. Radiologic appearance of Starr–
Edwards mitral valve (arrow) during
cardiac catheterization in a cranially
tilted left anterior oblique view. Movie
S1A corresponds to this panel. C. 3DTEE
appearance of Starr–Edwards valve (arrow)
from the left atrial perspective in the
standard surgical view. AV = aortic valve;
LAA = left atrial appendage. Movie S1B
Corresponds to this panel and adds the
LV perspective as well. D. 3DTEE color
Doppler image of Starr–Edwards valve
(arrow) demonstrates the characteristic
appearance of normal regurgitant jets
(“backflow jets”)

(A)

(C)

(B)

(D)

mounted on a sigmoid strut and lifts out of the housing, rotating once

around the entire circumference.10 Overall, this mechanical prosthe-

opened with an opening angle of 70° and a closing angle of 0°.16

sis is characterized by low thrombogenicity, excellent hemodynamics,

After the valve opens, two antegrade jets pass through a major orifice and a minor orifice, with the flow through the major orifice having

and durability.19 The Medtronic-Hall mechanical valve is depicted in
Figure 5 and corresponding movies.

a slightly higher velocity than the flow through the minor orifice.17 The
relative size of the minor orifice of the Medtronic-Hall prosthesis is
greater when compared to earlier tilting disk valves. This larger minor
orifice, along with the disk design, enhances washing of the valve and
eliminates regions of low-velocity flow.18

4.4 | St. Jude Medical bi-leaflet mechanical
prosthesis
The notion of unimpeded central flow within mechanical prostheses

During valve closure, gaps between the disk and the housing cre-

was pioneered with the development of the St. Jude bi-leaflet me-

ate regurgitant jets. The central orifice releases a characteristic central

chanical valve in 1977. The St. Jude valve was the result of the col-

regurgitant jet around the strut. Smaller peripheral regurgitant jets may

laboration between Xinon C. Posis, an engineer, Demetre Nicoloff, an

occur around the rim of the disk, although regurgitation may not occur

American cardiovascular surgeon, and Manny Villafana, the founder

1692
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F I G U R E 4 Björk–Shiley mechanical
valve. A. Photograph of Björk–Shiley mitral
valve prosthesis. Reprinted by permission
from Pfizer. B. Chest x-ray of Björk–Shiley
mitral valve (MV) and aortic valve (AV)
in lateral view. Movie S2A demonstrates
the radiologic appearance of a mitral
Björk–Shiley valve in another patient
during cardiac catheterization. C. 3DTEE
appearance of Björk–Shiley valve from
the left atrial perspective in the standard
surgical view. Arrows point to the struts of
the prosthetic valve and the asterisk to the
occluder disk. LAA = left atrial appendage.
Movie S2B corresponds to this panel

(A)
(B)

(A)

(B)

(B)

F I G U R E 5 Medtronic-Hall mechanical
mitral valve. A. Photograph of Medtronic-
Hall mitral valve prosthesis. Reprinted with
permission from Medtronic. B. 3DTEE
appearance of Medtronic-Hall valve in the
standard surgical view from the left atrial
perspective. Movie S3A corresponds to
this panel. C. Radiologic appearance of the
Medtronic-Hall valve in the mitral position
(larger of the two prosthetic valves) and
in the aortic position (smaller of the two
prosthetic valves). Movie S3B corresponds
to this panel and demonstrates the
radiologic appearance of the two prosthetic
valves during cardiac catheterization.
D. Color Doppler 3DTEE image of the
mitral Medtronic-Hall valve (arrow)
demonstrates the characteristic central jet
of mitral regurgitation in the left atrium
which is physiologic

(D)

of Cardiac Pacemakers, Inc.3 As its introduction, this valve has seen

semicircular disks have an opening angle of 85° and a closing angle of

few modifications and is currently the most commonly implanted me-

25–30°.

chanical prosthesis.19

After the valve opens, three orifices are produced allowing for

The bi-leaflet-tilting disk design consists of two semicircular leaf-

more central and less turbulent antegrade flow as compared to the

lets made of pyrolytic carbon impregnated with tungsten to improve

ball-in-cage or single-tilting disk mechanical prostheses.20 The central

radiopacity. Two pivot housings also composed of pyrolytic carbon,

orifice of this valve is significantly smaller than the two lateral ones.

are located on the inflow side of the prosthesis (this refers to the left

During valve closure, a complicated array of regurgitant jets arises

atrial side when the prosthesis is implanted in the mitral position). The

causing different jet patterns to be seen based on imaging plane

|
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(C)

(A)

(D)

(E)

F I G U R E 6 St. Jude mechanical mitral valve. A. Photograph of St. Jude mitral valve prosthesis. Reprinted by permission from St. Jude Medical.
B and C. Radiologic appearance of St. Jude mitral valve (arrow) at cardiac catheterization during diastole. Movie S4A corresponds to this panel.
D and E. 3DTEE appearance of St. Jude valve in the open (D) and closed position (E) in the standard surgical view from the left atrial perspective.
White arrows point to prosthetic leaflets in both panels. Movie S4B corresponds to this panel
orientation. In the plane parallel to the leaflet axes, regurgitant jets

contains a pyrolytic carbon disk that is housed in a titanium cage, sur-

arising from the valve periphery converge toward the center of the

rounded by a polytetrafluoroethylene sewing ring. The curvilinear disk

valve in the shape of an inverted V. In the plane orthogonal to the leaf-

pivots to a maximum opening angle of 80° and a closing angle of 12°.6

let axes, however, regurgitant jets diverge from the central axis toward

After the valve opens, the low-profile design enables central ante-

the periphery of the valve to form an upright V. A small regurgitant

grade flow. The gradient across the prosthesis, however, is somewhat

jet from the central orifice accompanies these peripheral jets in all

elevated compared to those of the other mechanical disk valves. This

planes.10 In general, the St. Jude mechanical prosthesis has excellent

gradient can be further elevated if the disk does not open properly.

21

hemodynamics and a low rate of valve-related mortality. The St. Jude

Decreased opening angles have been reported in multiple studies,

valve is depicted in Figure 6 and Movies S4A,B.

reducing hemodynamic performance and predisposing to thrombus
formation. In 1982, a revised version of the Omniscience prosthesis

4.5 | Omniscience single-leaflet
mechanical prosthesis

was introduced, resulting in decreased complication rates and better
clinical results.15
During valve closure, small gaps at the perimeter of the valve create

The Omniscience single-tilting disk prosthesis, an improved version of

minimal regurgitation which reduces transvalvular energy loss.22,23 The

the Lillehei-Kaster disk valve, became available in 1978.8 This valve

Omniscience mechanical valve is depicted in Figure 7 and Movie S5A,B.

1694
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(B)

(A)

(C)

(D)
F I G U R E 7 Omniscience mechanical
valve. A. Photograph of Omniscience mitral
valve prosthesis. Reprinted by permission
from Medical CV. B. Radiologic appearance
of Omniscience mitral valve (arrow) on a
lateral chest x-ray. Movie S5A corresponds
to this panel. C and D. 3DTEE appearance
of Omniscience valve (arrow) in the open
(C) and closed position (D) from the left
atrial perspective in the standard surgical
view. AV = aortic valve. Movie S5B
corresponds to this panel

(A)

(B)

(C)

(D)

F I G U R E 8 Bioprosthetic mitral valve.
A. Radiologic appearance of bioprosthetic
mitral valve (arrow) in a chest x-ray.
Movie S6A corresponds to this panel and
demonstrates the radiologic appearance of
a mitral bioprosthetic valve during cardiac
catheterization. B. 3DTEE appearance of
bioprosthetic mitral valve (arrow) from the
left ventricular perspective. LVOT = left
ventricular outflow tracts. Movie S6B
corresponds to this panel. C and D. 3DTEE
appearance of bioprosthetic mitral valve
(arrow) from the left atrial perspective in
the standard surgical view in the open (C)
and closed position (D). AV = aortic valve;
LAA = left atrial appendage

|
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(B)

F I G U R E 9 Percutaneous repair of
prosthetic paravalvular leaks (PVLs).
Multiple plugs (arrow) are used to close
PVLs in a patient with a mechanical St Jude
mitral prosthesis (A) and in a patient with a
bioprosthetic mitral valve (B)

wire stent to ease surgical implantation.3,8,26 The radiopaque stent

4.6 | CarboMedics

is covered with polytetrafluoroethylene cloth to augment tissue

The CarboMedics bi-leaflet valve was developed by Jack Bokros and

ingrowth.27,28 He coined the term “bioprosthesis” to describe his

was approved for commercial use in the United States by the Food

invention.29

and Drug Administration in 1993.

24

The valve looks strikingly similar

First generation bovine pericardial prostheses were plagued by

to the St. Jude Medical mechanical bi-leaflet prosthesis, apart from

early structural dysfunction, but the revised Carpentier–Edwards

some important differences. The CarboMedics prosthesis is composed

bovine pericardial valve has proven to be durable with excellent

of two carbon-coated disks with an opening angle of 78° and a closing

long-term results.30 Initially implanted for clinical use in 1984, the

angle of 25°. The CarboMedics valve has a different hinge design, as

Carpentier–Edwards bovine pericardial valve is one of the first bio-

compared to the St. Jude valve, and its housing can rotate within the

mechanically engineered valves. Created using computer-aided design

sewing ring allowing for orientation adjustments during implantation.

systems, this bioprosthesis has superior hemodynamics to the porcine

Furthermore, the antegrade gradient across the CarboMedics pros-

heterografts.8 The valve is constructed from glutaraldehyde-
fixed

thesis is slightly higher than that of the St. Jude valve.

5

bovine pericardial tissue covering three flexible nickel–cobalt alloy

Despite these distinctions, there is no significant difference in

stents, which are attached to a sewing ring.31 The three struts that

closing regurgitant volumes or backflow-patterns between these two

protrude into the left ventricular cavity are the most easily recogniz-

prostheses in the mitral position.25 The rates of survival, bleeding,

able feature of the Carpentier–Edwards valve.

thromboembolism, and prosthetic valve dysfunction at 10 years after

Transprosthetic regurgitation may occur with normally functioning

valve implantation were similar for both the St. Jude Medical and the

bioprostheses, particularly with those made of bovine pericardium. If

CarboMedics prostheses.24

mild backflow does occur, it is usually in the form of a single, central jet.32,33 The stentless prostheses are more likely to exhibit this

5 | BIOPROSTHETIC MITRAL VALVES

transprosthetic regurgitation than stented valves.34 Other manufacturers of bioprosthetic valves with characteristics similar to those of
Carpentier–Edwards valves include Medtronic, St. Jude Medical, and

To overcome the drawbacks of the mechanical prosthetic valve, the
French cardiovascular surgeon Alain Carpentier was driven to expand the options for valvular disease through the invention of bio-

Sorin Group.
A bioprosthetic mitral valve is depicted in Figure 8 and Movie
S6A,B.

prosthetic valves. The most common types of bioprosthetic valves
are either porcine or bovine in origin. The porcine valves are pig
aortic valves while bovine valves are fashioned from pericardial tissue to resemble the native aortic valve. These original bioprosthe-

6 | PROSTHETIC PARAVALVULAR
LEAK REPAIR

ses were all stented but more recently stentless bioprostheses have
been developed.

The importance of identifying paravalvular leaks utilizing 3DTEE is be-

The Carpentier–Edwards porcine valve, the prototypical bio-

coming more commonplace. These paravalvular leaks tend to be more

prosthesis, has been commercially available since 1975. Carpentier

common in mechanical valve implantation of the mitral valve, but the

pioneered the implantation of porcine aortic valve heterografts

exact incidence is unknown and differs widely between registries.35

into humans after preservation and sterilization. He encased the

The incidence currently cited in the literature for mitral paravalvular

porcine valves, fixed with glutaraldehyde, in an asymmetric elgiloy

leaks ranges from 7% to 17% of cases.35

1696
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(A)

F I G U R E 1 0 Percutaneous mitral valve-in-valve. Percutaneously
implanted Sapien valve (arrow) is seen inside a degenerated surgical
mitral bioprosthesis (arrowhead). The left atrial perspective is seen
in Panel A (during diastole) and in Panel B (during systole). The left
ventricular perspective during systole is seen in Panel C. Movie S7
corresponds to these panels

Echocardiography is the gold-standard for the diagnosis of paravalvular leaks and 3DTEE has been shown to diagnose paravalvular
leaks with greater accuracy, allowing for increased spatial visualization
of the defect. This allows the provider to garner a greater degree of
information regarding the leak in the perioperative period and subsequently plan the proper intervention (Figure 9).36

7 | PERCUTANEOUS MITRAL VALVE-I N-
VALVE PROCEDURE

(B)

As bioprosthetic valves become more widely used in the management
of mitral valve repair, clinicians must be aware of the potential possibility of degeneration of the bioprosthetic implant, thus necessitating a
revision procedure. These revision operations are typically associated
with increased morbidity and mortality for the patient, especially in elderly patient with complicated medical comorbidities.37 Over the course
of the past few years, transcatheter valve implantation has emerged as
a viable and safe option in the treatment and replacement of degenerated bioprosthetic valves using valve-in-valve implantation (Figure 10).
The transapical approach is currently favored as it is “easy to setup and
offers a straight and short route to the mitral plane allowing for coaxial
alignment of the transcatheter within the degenerated bioprosthesis.”37
There still remains a paucity of information in the current literature regarding the technique and complications of valve-in-valve implantation
for the correction of mitral valve degeneration; many of these factors
will be elucidated in the future as additional patients receive these bioprosthetic valves, and further clinical outcomes studies are performed.

(C)

8 | MITRAL VALVE REPAIRS
Mitral valve repairs can be performed with or without an annuloplasty
ring. In 1957, ringless annuloplasty for mitral valve repair was first
introduced. Twelve years later, Alain Carpentier pioneered the use
of an annuloplasty ring.37 Today, numerous types of annuloplasty
rings exist.38 Based on geometry, rings can be identified as complete
(D-shaped rings) or partial (C-shaped rings, also referred to as annuloplasty bands). Only occasionally are modern mitral valve repairs
performed without an annuloplasty ring or band, typically through plication techniques.39–41
Another mode of ringless repair is known as the edge-to-edge
technique, colloquially referred to as the Alfieri stitch.38 The Alfieri
technique requires suturing the anterior and posterior mitral valve
leaflets, typically in the central portion of the mitral valve, creating

|
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(A)

F I G U R E 1 1 Mitral annuloplasty ring.
A. Photograph of mitral annuloplasty ring.
Reprinted by permission from Edwards
LifeSciences. B. Radiologic appearance
of annuloplasty ring (arrow) in a chest
x-ray. Movie S8A corresponds to this
panel and demonstrates the radiologic
appearance of an annuloplasty ring during
cardiac catheterization. C and D. 3DTEE
appearance of annuloplasty ring (arrow)
from the left atrial perspective in the
standard surgical view in the closed (C) and
open position (D). Movie S8B corresponds
to this panel
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(B)

(C)

(D)

(B)
(A)

F I G U R E 1 2 Mitral annuloplasty band.
A. Photograph of mitral annuloplasty band.
Reprinted by permission from Medtronic.
B. Radiologic appearance of annuloplasty
band (arrow) in a lateral chest x-ray.
Movie S9A corresponds to this panel and
demonstrates the radiologic appearance
of an annuloplasty band in another patient
during cardiac catheterization. C and D.
3DTEE appearance of annuloplasty band
(arrow) from the left atrial (C) and left
ventricular perspective (D) in the standard
surgical view. Movie S9B corresponds to
this panel

(C)

(D)

a valve with two orifices.39 In the case of myxomatous mitral valve

simplicity and reproducibility of Alfieri’s edge-to-edge technique have

regurgitation, especially in the presence of a prolapsing leaflet, this

made this procedure a reliable tool for restoring prolapsed anterior

procedure effectively restores valvular competence.40 The relative

and posterior leaflets.41
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(A)

(B)

F I G U R E 1 3 Ringless mitral
annuloplasty. A and B. 3DTEE appearance
of ringless annuloplasty and quadrangular
resection of the posterior leaflet (arrow)
from the left atrial (A) and left ventricular
perspective (B) in the standard surgical
view. Movie S10 corresponds to this panel

(A)

(B)

F I G U R E 1 4 Surgical edge-to-edge
technique (Alfieri Stitch). A and B. 3DTEE
appearance of a mitral valve status post the
edge-to-edge technique from the left atrial
(A) and left ventricular (B) perspective in
the standard surgical view. Arrows point to
two Alfieri stitches. Movie S11 corresponds
to these figure panels

(A)

(B)

(C)

(D)

Mitral annuloplasty ring is depicted in Figure 11, mitral an-

F I G U R E 1 5 3DTEE guidance of
percutaneous edge-to-edge technique
(mitral clipping). Stepwise guidance
of mitral clipping on 3DTEE from clip
alignment in the left atrium above the flail
P2 scallop (A), advancement of the clip into
the left ventricle (B), initial grasping of the
two mitral leaflets at the A2/P2 coaptation
line (C), and final clip release (D). Movie S12
corresponds to these figure panels

9 | MITRACLIP

nuloplasty band in Figure 12, and ringless mitral annuloplasty in
Figure 13. A mitral repair using the surgical edge-to-edge technique

The MitraClip (Abbott Vascular, Santa Clara, CA, USA) is a percutane-

is depicted in Figure 14. Each figure contains corresponding movies.

ous version of the Alfieri edge-to-edge technique which has recently
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F I G U R E 1 6 Percutaneous edge-to-
edge technique (mitral clipping). A and
B. Radiographic appearance of MitraClip
during fluoroscopy. A. demonstrates open
MitraClip prior to clip deployment. B.
demonstrates two MitraClips; one fully
deployed (Clip #1) and the other in the
process of deployment (Clip #2). C and D.
3DTEE appearance of mitral valve status
post placement of MitraClips (arrows) from
the left atrial (C) and left ventricular (D)
perspective in the standard surgical view.
AML = anterior mitral leaflet; AV = aortic
valve; PML = posterior mitral leaflet. Movie
S13 corresponds to Panel C and Panel D

(A)

(B)

(C)

(D)

been approved in the United States for the treatment of moderate-to-
severe or severe symptomatic, degenerative mitral valve regurgitation
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A percutaneous edge-
to-
edge repair (MitraClip) is depicted in
Figure 15 and Figure 16 and corresponding movies.

in patients with high surgical risk. The MitraClip is “comprised of arms
joined together by a hinge and grippers.”42 Real time 3DTEE is essential for guidance of this procedure, as it allows the physician to grasp
the mitral leaflets and approximate with a polyester-covered clip,
yielding the edge-to-edge coaptation analogous to that achieved surgically.42 Furthermore, an added benefit of the use of real time 3DTEE
is the ability to assess the clip immediately after insertion as it experiences the near normal forces of diastolic flow in the beating heart.43
Most recently, the prospective, multicenter Endovascular Valve
Edge-to-Edge Repair Study (EVEREST) II sought to analyze the role
of the MitraClip in the treatment of mitral regurgitation as compared
to surgical intervention.44 The study found that at the four-and five-
year follow-up time, patients with MitraClip repair “more commonly

10 | CONCLUSION
This paper reviews the appearance of mitral valve prostheses and
mitral valve repair using 3DTEE and provides a historical context for these advancements. As comprehensive collections of
3DTEE images of surgical and percutaneous interventions are not
commonly found in the current literature, we feel that clinicians
can benefit from this manuscript and use it as a guide to these
interventions.
AC KNOW L ED G M ENTS
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or surgical therapy.”45 The current results of the EVERST II trial reveal that although surgery is currently superior to the MitraClip in
reducing mitral regurgitation, the MitraClip does prove to be beneficial in reducing symptomatology and favorable reverse remodeling of
the ventricle after five years.

45

Additional follow-up will be needed

to determine if there are long-term effects on mortality for the two
cohorts.
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Movie S5A. Omniscience mechanical prosthesis in the mitral position
visualized on fluoroscopy.
Movie S5B. 3DTEE of an Omniscience mechanical prosthesis in the
mitral position visualized first from the left atrial perspective.

SUP PORTI NG I NFO RM ATI O N
Additional Supporting Information may be found online in the supporting information tab for this article.
Movie S1A. Starr–Edwards mechanical prosthesis in the mitral position visualized on fluoroscopy.
Movie S1B. 3DTEE of a mitral Starr–Edwards valve. In the first portion
of the video, the valve is seen on a 3D zoom imaging from the left
atrial perspective. In the second portion, the valve is seen from LV
perspective, and in the third portion, the valve is seen in its long axis
on color Doppler imaging.
Movie S2A. Bjork–Shiley mechanical prosthesis in the mitral position
visualized on fluoroscopy.
Movie S2B. Bjork–Shiley mechanical prosthesis in the mitral position
is seen on a 3D zoom imaging from the left atrial perspective.
Movie S3A. 3DTEE of a Medtronic-Hall mechanical prosthesis in the
mitral position visualized first from the left atrial followed by the left

Movie S6A. A mitral bioprosthesis visualized on fluoroscopy.
Movie S6B. 3DTEE of a mitral bioprosthesis visualized first from the
left atrial followed by the left ventricular perspective.
Movie S7.Mitral valve-in-valve implantation
Movie S8A. A mitral annuloplasty ring visualized on fluoroscopy.
Movie S8B. 3DTEE of a mitral annuloplasty ring visualized first from
the left atrial perspective.
Movie S9A. A mitral annuloplasty band visualized on fluoroscopy.
Movie S9B. 3DTEE of a mitral annuloplasty band visualized first from
the left atrial followed by the left ventricular perspective.
Movie S10. 3DTEE of a ringless mitral annuloplasty visualized first
from the left atrial followed by the left ventricular perspective.
Movie S11. 3DTEE of an Alfieri stitch (edge-to-edge repair) visualized
first from the left atrial followed by the left ventricular perspective.
Movie S12. 3DTEE guidance of mitral clipping
Movie S13. 3DTEE of percutaneous mitral clipping visualized first
from the left atrial followed by the left ventricular perspective.

ventricular perspective.
Movie S3B. Aortic and mitral Medtronic-Hall mechanical prostheses
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visualized by fluoroscopy.
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Movie S4A. St Jude mechanical prosthesis in the mitral position visu-
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alized on fluoroscopy.
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Movie S4B. 3DTEE of a St Jude mechanical prosthesis in the mitral
position visualized first from the left atrial perspective.
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