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Complete mapping of the tricuspid valve apparatus using
three-dimensional sonomicrometry
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Objective: Many surgeons consider the tricuspid valve to be a second-class structure. Our objective was to de-

termine the normal anatomy and dynamic characteristics of the tricuspid valve apparatus in vivo and to discern

whether this would aid the design of a tricuspid valve annuloplasty ring model.

Methods: Sixteen sonomicrometry crystals were placed around the tricuspid annulus, at the bases and tips of the

papillary muscles, the free edges of the leaflets, and the right ventricular apex during cardiopulmonary bypass in 5

anesthetized York Hampshire pigs. Animals were studied after weaning of cardiopulmonary bypass on 10 cardiac

cycles of normal hemodynamics.

Results: Sonomicrometry array localizations demonstrate the multiplanar shape of the tricuspid annulus. The tri-

cuspid annulus reaches its maximum area (97.9� 25.4 mm2) at the end of diastole and its minimum area (77.3�
22.5 mm2) at the end of systole, and increases again in early diastole. Papillary muscles shorten by 0.8 to 1.5 mm

(11.2%) in systole, and chordae tendineae straighten by 0.8 to 1.7 mm (11.4%) in systole.

Conclusions: The shape of the tricuspid annulus is a multiplanar 3-dimensional one with its highest point at the

anteroseptal commissure and its lowest point at the posteroseptal commissure, and the anteroposterior commis-

sure is in a middle plane in between. The tricuspid annulus area reaches its maximum during diastole and its

minimum during systole. The papillary muscles contract by the same amount of chordal straightening. The

optimal tricuspid annuloplasty ring may be a multiplanar 3-dimensional one that mimics the normal tricuspid

annulus. (J Thorac Cardiovasc Surg 2011;141:1037-43)
The importance of the tricuspid valve is often overlooked by

cardiologists and surgeons because of its unique characteris-

tics. Most lesions of the tricuspid valve are not surgically

corrected because of the incorrect assumption that tricuspid

disease is rare and, in most cases, irrelevant to the patient’s

outcome after the problem in the left side of the heart that

brings the patient to surgery has been solved.1-4 This may

be explained by the absence of a detailed preoperative

study of the tricuspid valve.

A better understanding of the tricuspid valve is necessary

to clarify the indications and limits of tricuspid valve sur-

gery. Because of the importance of the annulus, an annulo-
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plasty ring designed specifically for the tricuspid position

should replicate the anatomy and function of the natural tri-

cuspid valve as closely as possible. The specific geometric

relationship that is formed by the attachment of the valve

leaflets to the chordae tendineae, papillary muscles (PMs),

and annulus is likely to be critical in ensuring proper func-

tion of both the valve and the right ventricle.5-8

This geometric relationship between components of the tri-

cuspid valve, however, has not been studied in detail. Previous

studies have documented that the mitral valve annulus is

saddle shaped,9,10 but how closely the tricuspid annulus

(TA) resembles the mitral annulus and how the tricuspid

annular shape changes during the cardiac cycle relative to

contraction of the PMs has not been well studied. Because

the annulus also has both fibrous and muscular components,

it likely both dilates and contracts simultaneously within its

various sections. Moreover, the network of supporting

chordae is highly branched and complex, and the load

distribution on these chordae also has not been studied. It is

therefore unlikely that a successful tricuspid valve

annuloplasty ring can be developed and properly implanted

in patients unless a thorough understanding of the function

of the tricuspid valve apparatus is obtained and

implemented. Detailed spatial and temporal information is

consequently needed to map the geometric and functional

relationships among the contraction of the PMs, the

stretching of the tricuspid valve chordae, and the distortion

of the tricuspid valve annulus. Because of the unique
diovascular Surgery c Volume 141, Number 4 1037
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Abbreviations and Acronyms
3D ¼ 3-dimensional

PM ¼ papillary muscle

TA ¼ tricuspid annulus
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characteristics of the tricuspid valve, it is called the

‘‘Cinderella’’ of the cardiac valves.3

The aim of this project was to study the anatomy and dy-

namic characteristics of the tricuspid valve apparatus using

a porcine model. Better understanding of the normal anat-

omy and function of the tricuspid valve will help to clarify

the indications and limits of tricuspid valve surgery.
FIGURE 1. The positions of the crystals over the different parts of the tri-

cuspid valve apparatus. AL, Anterior leaflet; PL, posterior leaflet; SL, septal

leaflet; APM, anterior papillary muscle; PPM, posterior papillary muscle;

SPM, septal papillary muscle; RV Apex, right ventricular apex.
MATERIALS AND METHODS
The technique used in these studies was 16 channel 3-dimensional (3D)

digital sonomicrometry (series 5001 digital sonomicrometer; Sonometrics

Corp, London, Ontario, Canada). The sonomicrometer measures distances

within soft tissue by means of piezoelectric transducers, a high-frequency

counter, and the time of flight principle of ultrasound. Sixteen of these ultra-

sonic transducers were implanted into tissue (see below) and sequentially

energized with a short electrical pulse. As each transducer was energized,

it generated an acoustic wave that propagated through the tissue, away

from the transducer in a radial manner. The method of 3D reconstruction

and visualization was similar to that previously described.11

Surgical Procedure
With the approval of the Institutional Animal Care and Use Committee,

we developed a porcine model to study the anatomy and function of the tri-

cuspid valve. We used 2- to 4-week-old Yorkshire pigs (n ¼ 5) with an av-

erage body weight of 40.6 � 2 kg. After cannulation of an ear vein, the

animal was anesthetized with ketamine (20 mg/kg) and acepromazine

(1 mg/kg). After endotracheal intubation, ventilation was controlled to

maintain normocarbia with PaO2 greater than 150 mm Hg. Anesthesia

was maintained throughout the procedure with isoflurane or enflurane

(1%–3%). An arterial cannula was inserted into the left external carotid ar-

tery for continuous blood pressure monitoring and arterial blood sampling

for blood gases and serum electrolytes every 30 minutes. A pulmonary ar-

tery catheter was used to measure the pulmonary artery pressure. A right lat-

eral thoracotomy followed by a pericardiotomy was performed to expose the

heart and its great vessels. Heparin was given intravenously at the dose of

300 U/kg. Cannulation was carried out using an aortic cannula (Edwards

Lifesciences G 22F; Irvine, CA) and 2 separate venous cannulae (Medtronic

DLP size 28F; Minneapolis, MN) for the superior and inferior venae cavae.

Once activated clotting time exceeded 480 seconds, cardiopulmonary by-

pass was started. The pump flow rate was 50 mL/kg/min (2–2.5 L/min).

Temperature was kept at 32�C to 35�C (mild hypothermia) by drift. The

aorta was then clamped, and cold blood cardioplegia (Fremes solution at

8:1 ratio and temperature of 4�C) was infused antegradely into the aortic

root to stop the heart. Mean arterial pressure was maintained at 50 to 60

mm Hg throughout cardiopulmonary bypass. Transverse right atriotomy

was performed to expose the tricuspid valve. The 16 sonomicrometer crys-

tals were attached to the tricuspid valve apparatus as follows: Six crystals

were placed at the base and apex of the 3 PMs, 2 for each one; 3 crystals

were attached at the leaflet ends of the main marginal chordae at their sites

of attachment to the anterior, posterior, and septal leaflets; 6 crystals were

placed around the TA (3 at the commissures and 3 in between in the middle

of annular attachment of each leaflet); and the remaining crystal was at-

tached to the right ventricular apex as a reference (Figure 1). All the crystals
1038 The Journal of Thoracic and Cardiovascular Sur
were fixed using 5-0 Prolene sutures. The wires for the crystals fixed to the

annulus and the chordae tendineae were routed through the atrium, and

those fixed to the PMs were routed out through a small incision at the right

ventricular apex. Each crystal was connected to the sonomicrometer, and the

pig was weaned from cardiopulmonary bypass. Heparin reversal was

achieved using intravenous protamine at a dose of 10 mg per 100 units of

heparin. After hemodynamics reached the normal preoperative status,

data were acquired for 5 to 10 consecutive cardiac cycles over a 5-second

interval. At the end of the experiment, the animal was sacrificed by exsan-

guination into the cardiotomy reservoir.

Data Analysis
All data from the individual outputs were imported into Excel work-

sheets (Microsoft Corp, Redmond, WA) for organizational purposes. For

the isolated time period for the measured variables, maximum, minimum,

difference, mean, and standard deviation were calculated. Data were ex-

pressed as mean� standard deviation and compared using 2-tailed unpaired

Student t test.

RESULTS
Model Characteristics

The hemodynamics at the time of recording were heart

rate 75 � 6 beats/min, arterial pressure 68/40 � 2/4 mm

Hg, and pulmonary artery pressure 23/14 � 3/2 mm Hg.

All hemodynamic data are shown in Table 1. At necropsy,

all transducers were in the correct positions in all the

animals.
gery c April 2011



TABLE 1. Hemodynamic data during recording

Hemodynamic parameters Pre-CPB During recording P value

Heart rate (beats/min) 78 � 7 75 � 6 NS

Systolic blood

pressure (mm Hg)

67 � 4 68 � 2 NS

Diastolic blood

pressure (mm Hg)

43 � 2 40 � 4 NS

Mean blood

pressure (mm Hg)

51 � 3 49 � 3 NS

Systolic pulmonary

pressure (mm Hg)

25 � 6 23 � 3 NS

Diastolic pulmonary

pressure (mm Hg)

13 � 4 14 � 2 NS

Mean pulmonary

pressure (mm Hg)

17 � 5 17 � 2 NS

CPB, Cardiopulmonary bypass; NS, not significant. Values are means � standard

deviation.
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Tricuspid Annulus Changes
Sonomicrometry array localizations demonstrate the mul-

tiplanar shape of the TA with its highest point at the antero-

septal commissure and its lowest point at the posteroseptal

commissure. The TA reaches its maximum area at the end

of diastole and its minimum at the end of systole and in-

creases again in early diastole. The PMs shorten in systole,

and chordae tendineae straighten in systole.

Two-dimensional shape of the tricuspid annulus. The lo-

calized distances of each of the 6 crystals fixed to the TA

from the reference crystal at the apex of the right ventricle

are summarized in Figure 2. The posteroseptal segment of

the TA was close to the right ventricular apex, and the lowest

point was the posteroseptal commissure. In contrast, antero-

septal and anteroposterior segments were close to the right

atrium, and the highest point of the TA was at the anterosep-
FIGURE 2. The distances of the 6 tricuspid annular crystals in relation to the rig

at the posteroseptal commissure; P, crystal at the middle of the posterior annulus;

anterior annulus; AS, crystal at the anteroseptal commissure.

The Journal of Thoracic and Car
tal commissure. The anteroposterior commissure was at

a plane in between the anteroseptal and posteroseptal com-

missures.

Three-dimensional shape of the tricuspid annulus. The

shape of the TA was determined by the 3D coordinates of

each annulus crystal. Figure 3 is a comprehensive illustra-

tion of the 3D shape of TA at end systole from 1 animal.

An arbitrary surface passing through each of the annular

transducers has been drawn for better demonstration of the

multi-planner shape of the annulus, which is maintained

throughout the cardiac cycle. All pigs studied had annuli

of similar shapes. The resultant averages determined a multi-

planar-oriented shape with a highest point corresponding to

the anteroseptal crystal, an intermediate point corresponding

to the anteroposterior crystal, and a lowest point correspond-

ing to the posteroseptal crystal.

Dynamic changes of the tricuspid annular area. The tri-

cuspid annular area increased from mid to late diastole,

reaching a maximum area of 97.9 � 25.4 mm2 at the end

of diastole; decreased during systole, reaching its minimum

of 77.3 � 22.5 mm2 at the end of systole; and increased

again in early diastole, showing a biphasic pattern with 2

peaks in early and late diastole (Figure 4).

Dynamic changes of the tricuspid annular perimeter.
The TA perimeter was also calculated to measure the

cross-sectional changes during different phases of the car-

diac cycle. The annular perimeter expanded from a minimum

of 82.5 � 19.0 mm in late systole to a maximum of 89.0 �
19.2 mm in late diastole with an expansion of 7.9%� 0.8%.

However, this total expansion was not homogenous in all

segments. Most of the changes of the annular circumference

were along the anterior annulus (16.2% � 3.1%). As

viewed in the axial plane (Figure 5), there was relatively
ht ventricular apex. S, Crystal at the middle of the septal annulus; PS, crystal

AP, crystal at the anteroposterior commissure; A, crystal at the middle of the
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FIGURE 3. The 3D shape of the TA at systole. S, Crystal at the middle of

the septal annulus; PS, crystal at the posteroseptal commissure; P, crystal at

the middle of the posterior annulus; AP, crystal at the anteroposterior com-

missure; A, crystal at the middle of the anterior annulus; AS, crystal at the

anteroseptal commissure.
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little change of the circumference along the posterior annu-

lus (12.5% � 3.5%). The septal expansion was smaller

(10.1% � 0.9%) than that of the anterior or posterior seg-

ments, but not statistically significant (P ¼ .28 and

P ¼ .58, respectively). The changes of the different parts

of the tricuspid valve apparatus are shown in Table 2.

Leaflet Motion
The opening area of the tricuspid valve leaflets was deter-

mined from the area of the triangles designated by the 3 crys-

tals on the edges of the 3 leaflets and the 6 annular crystals.

The leaflets began to open in early diastole, completing their

opening by the end of diastole. This is followed by closure

during ventricular systole. The maximum tricuspid leaflet

area occurred near end systole and averaged 127.3 � 33

mm2, and the minimum area occurred at the end of diastole

and averaged 100.5 � 29.3 mm2. The mean ratio of leaflet

area to orifice area was 1.3.

Chordae Tendineae
The distance between crystals on the chordae tendineae

began to lengthen in early systole, reaching its maximum
1040 The Journal of Thoracic and Cardiovascular Sur
by the end of systole and its minimum in diastole. The inter-

crystal distance of the anterior chordae tendineae lengthened

by 14.0% � 4.6%, whereas that of the posterior chords in-

creased by 16.9% � 8.4% and that of the septal chords by

5.2% � 0.4%. The overall chordal straightening was

11.4%.

Papillary Muscle Movement
The motion of the PMs relative to the tricuspid annular

plane can be described as a combination of shifting, twisting,

and bending movements. During the cardiac cycle, the aver-

age of the 3 PMs contracted by 11.2% during systole and the

maximum change in length was 0.8 to 1.5 mm.

The PMs were shortest during systole and longest during

diastole. However, the torsion along the septal PM

(16.2% � 6.0%) was insignificantly greater in magnitude

than anterior PMs (11.1% � 1.3%, P ¼ .35) and signifi-

cantly greater than posterior PMs (7.5 � 3.4, P ¼ .029).

Angular displacement of the PMs below the correspond-

ing commissures showed that the PMs did not move together

in the same direction and the PM plane was not parallel to the

TA plane. In fact, the angles between the 2 planes were 54.1

degrees, 66.4 degrees, and 41.7 degrees for anterior, poste-

rior, and septal PMs, respectively.

DISCUSSION
Because the majority of tricuspid valve pathology has

been considered secondary to left-sided lesions and pulmo-

nary hypertension, it has been assumed to revert spontane-

ously after these lesions have been treated. These factors,

together with its characteristic paucity of clinical manifesta-

tions, have resulted in a lack of solid principals for tricuspid

disease diagnosis, indications, and appropriate surgical ma-

neuvers. The diagnostic and surgical methods for treating

functional tricuspid regurgitation previously closely fol-

lowed those applied for the mitral valve. However, the tri-

cuspid valve has distinguishing characteristics that are not

often appreciated. Moreover, a recent review of 790 patients

who underwent different techniques of tricuspid annulo-

plasty showed that between 15% and 37% of these cases

had recurrent severe regurgitation at 8 years follow-up.12

These results suggest that the current annuloplasty tech-

niques are unreliable or insufficient.

We demonstrated that the shape of the TA is multiplanar

with non-homogenous contraction. The highest point of the

TA is at the anteroseptal commissure. The lowest point is at

the posteroseptal commissure. The geometry of the TA thus

may be complicated and appears to be different from the sad-

dle shape of the mitral annulus, suggesting an annuloplasty

in tricuspid regurgitation should be different from that in mi-

tral regurgitation. Fukuda and colleagues13 studied the tri-

cuspid valve in both healthy subjects and patients with

tricuspid regurgitation using real-time 3D echocardiography

and observed a TA shape similar to that in our study.
gery c April 2011



FIGURE 4. The dynamic changes of the tricuspid valve apparatus during the cardiac cycle in 1 animal.
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There have been many studies of the saddle-shaped mitral

annulus.14-16 Many surgeons still believe that the TA has the

same saddle shape of the mitral annulus. In a previous study

with a small number of subjects, 3D echocardiography with

reconstruction was used to measure the 3D structure of the

normal TA and suggested that the TA is saddle shaped.17

A recent experimental study used sonomicrometry in an

ovine model with opening of the pericardium.18,19 They

described a saddle shape of the TA with the highest point

corresponding to the midpoint of the posterior leaflet and

the lowest point corresponding to the anteroposterior

commissure. The anteroseptal commissure and the middle

of the anterior leaflet are located in a middle plane.

In the postmortem human heart, Deloche and colleagues20

described the shape of the normal TA as pear shaped with its

narrow end at the anteroseptal commissure and its wider end

at the midpoint of the posterior leaflet. The same pear-

shaped annulus was also described by Hiro and colleagues18

in their pressurized postmortem sheep heart. However, in
The Journal of Thoracic and Car
their recent in vivo ovine model, they observed the opposite

shape with the narrow end of the pear-shaped annulus at the

posteroseptal commissure.18 This variation of the shape of

the TA in different reports may be explained by different

animal model used in each study.

The mechanical advantage of the saddle shape of the

mitral annulus is well known because it has been shown to

reduce valve stress.21 These issues have not been fully stud-

ied for the TA.

The present study found that changes in the multiplanar

shape of the TA during the cardiac cycle also contribute to

its orifice area. The decrease in the multiplanar shape during

systole has a ‘‘folding’’ reducing effect on the TA. This min-

imizes leaflet stress and allows a ‘‘folding’’ of the annulus

that effectively reduces its orifice area without a dramatic re-

duction in perimeter. This change in shape is the main mech-

anism responsible for the TA competence and questions the

efficiency of rigid annuloplasty devices that interfere with

this mechanism. With an open heart dog model, Tsakiris
diovascular Surgery c Volume 141, Number 4 1041



FIGURE 5. The segmental changes of different parts of the TA. PS, Post-

eroseptal commissure; AP, anteroposterior commissure; AS, anteroseptal

commissure.
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and colleagues7 found that the tricuspid valve is not a rigid

structure with atrial and ventricular contractions that are re-

sponsible for TA competence, with the major part of annular

narrowing caused by atrial contraction. Atrial contraction

brought the anterior and posterior leaflets to appose the sep-

tal leaflet.

Previous experimental and clinical studies have shown

that the TA continuously changes its size and shape during

the cardiac cycle.7 In the present study, the TA area con-

tracted to 21% of its maximum area. These obtained data

confirmed those of Tsakiris and associates,7 who reported

a contraction between 20% and 39% of the maximal dia-

stolic area. In an echocardiographic study of normal hu-

mans, Tei and colleagues6 showed a maximum reduction

of 33%. An earlier report by Hiro and colleagues18 showed

that TA became less circular and decreased from 0.55� 0.05

mm to 0.46 � 0.04 mm.
TABLE 2. Length data for tricuspid valve annulus, chordae tendineae,

and papillary muscles

Measurement Minimum (mm) Maximum (mm) Change (%)

Annulus

Anterior segment 11.6 � 1.1 13.5 � 1.7 16.2% � 3.1%

Posterior segment 15.5 � 5.7 17.3 � 5.7 12.5% � 3.5%

Septal segment 16.7 � 5.1 18.7 � 4.4 10.1% � 0.9%

Chordae tendineae

Anterior chord 9.6 � 3.1 11.0 � 3.1 14.0% � 4.6%

Posterior chord 9.5 � 3.3 11.2 � 2.8 16.9% � 8.4%

Septal chord 14.0 � 3.5 14.8 � 3.7 5.2% � 0.4%

Papillary muscles

Anterior PM 11.8 � 2.6 13.3 � 3.1 11.1% � 1.3%

Posterior PM 11.0 � 4.0 11.8 � 3.9 7.5% � 3.4%

Septal PM 6.5 � 1.7 7.6 � 1.4 16.2% � 6.0%

PM, Papillary muscle. Values are means � standard deviation.

1042 The Journal of Thoracic and Cardiovascular Sur
However, these changes were not homogenous in all seg-

ments. Most of the changes of the annular circumference

were along the anterior annulus and then the posterior annu-

lus, whereas the least reduction occurred at the septal seg-

ment with no significant difference. Hiro and colleagues18

reported that the length of insertion of the septal leaflet

changed almost as much as the insertion of the anterior

and posterior leaflets (10.4% � 1.2% vs 13.0% � 1.5%
vs 14.0% � 1.6%, respectively). They showed that the re-

duction in the annulus orifice was due to a selective shorten-

ing of the free wall portions.

The biphasic nature of the TA area curve is comparable to

that observed in the mitral valve by Gorman and colleagues9

and in the tricuspid valve by Tei and colleagues6 and Tamiya

and colleagues.22 The maximum TA area occurred during

late diastole and is most likely due to relaxation of the right

ventricular transverse fibers in late diastole.23

The PMs contracted by 11.2%, and the chordae tendineae

straightened by 11.4%. This has not been reported previ-

ously and suggests that there is a balance between active

structures that contract and passive structures that expand,

producing minimal geometric distortion of the tricuspid

valve apparatus.

The length of the tricuspid valve’s septal segment also

changes during the cardiac cycle (10.1% � 0.9%). This

finding challenges both the standard method of using the

length of the septal leaflet base to select the correct ring

size and the use of open annuloplasty bands, which may

not prevent further dilatation of the diseased TA. Using

the length of the base of the septal leaflet to determine the

optimal size of the repaired annulus was derived from the

mitral valve, where the fibrous intertrigonal segment was

considered stable and constant.

On the basis of the current understanding of the 3D geom-

etry of the normal TA, we suggest a new 3D design for a tri-

cuspid annuloplasty ring that is not a saddle shape but

instead is multiplanar 3D in shape, with its highest point at

the anteroseptal commissure and its lowest point at the post-

eroseptal commissure, while the anteroposterior commis-

sure lies in a middle plane in between (Figure 6) (patent

pending). Such a tricuspid annuloplasty ring may be made

from a semi-rigid material that does not interfere with the

folding mechanism of the annulus. The material may have

a progressive degree of flexibility along the whole length

of the ring from septal through the posterior and anterior seg-

ments. The ring may have its lowest flexibility near the sep-

tal leaflet and the highest flexibility near the anterior leaflet.

Study Limitations
The number of the animals used in this study was small.

Intraoperative echocardiography might have helped in con-

firming the positions of the crystals and excluding any po-

tential effects of the crystals on the tricuspid valve motions

and any possible tricuspid valve regurgitation. However,
gery c April 2011



FIGURE 6. The proposed tricuspid annuloplasty ring.
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shadowing from the crystals may have precluded such as-

sessments. Finally, by aiming to study the normal anatomy

and physiology of the normal tricuspid valve, we did not

compare any annuloplasty devices that could be explored

in detail in future studies using the same sonomicrometry

technology and a larger number of animals.
S

CONCLUSIONS
The tricuspid valve apparatus is a complex structure with

an efficient valvular mechanism and geometry that change

continuously during the cardiac cycle. The shape of the

TA is not a saddle shape. The TA has a multiplanar 3D shape

with its highest point at the anteroseptal commissure and its

lowest point at the posteroseptal commissure, and the ante-

roposterior commissure is in a middle plane in between.

The TA area undergoes 2 major contraction and expansions

during the cardiac cycle, reaching its maximum during dias-

tole and its minimum during systole. The PMs contract by

the same amount of chordal straightening. This suggests

there is a balance between active structures that contract

and passive structures that expand, producing minimal geo-

metric distortion of the tricuspid apparatus. The optimal tri-

cuspid annuloplasty ring may be a multiplanar 3D one that

mimics the normal anatomic shape of the TA.
The Journal of Thoracic and Car
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